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ABSTRACT 
 
Fall-related injuries are one of the major issues today in terms of human suffering and 
economic loss. Falls are caused by a number of multifactorial risk factors. These factors are 
mainly classified into two categories, intrinsic factors such as aging, disease and impaired 
balance or mobility, and extrinsic factors such as environmental hazard. Among these risk factors, 
we focused on impaired (dynamic) balance during human walking. Since impaired balance and 
gait are associated with fall risk, it is necessary to detect abnormal movement patterns due to gait 
impairment in order to predict fall risk. Gait analysis, by quantifying dynamic movement 
patterns during ambulation, can be used to discover and diagnose gait impairment and the 
underlying causes.  
The aims of this dissertation were to explore new methods for quantifying gait motion 
patterns and to characterize possible fall-prone gait behaviors in population groups with high fall 
risk. Condition signature analysis was developed as a novel method to better examine 
spatiotemporal coupling characteristics of the lower extremity joints through the use of temporal 
cross-correlations. This analysis technique has the added feature of being able to assess multiple 
parameter pairings to improve understanding of bilateral compensation strategies; previous 
techniques have only studied one or two pairings.  
This technique along with other recently developed quantitative analysis methods were 
used to examine gait behaviors in three population groups with high fall risk (older adults, 
persons with Parkinson’s disease (PD), and firefighters). Recently developed gait analysis 
methods were applied to assess changes in lower extremity movement symmetry, variability, 
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complexity, and joint coupling due to the effects of aging, PD, and the use of implanted bilateral 
subthalamic nucleus deep brain stimulation on persons with severe PD symptoms. 
Biomechanical analysis using kinetic and kinematic metrics were also performed to investigate 
the effects of novel equipment design on level walking and obstacle crossing gait behavior and 
fall risk in firefighters. These new gait analysis techniques were found to provide effective and 
efficient ways to assess possible fall-prone gait behavior in a variety of populations. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Motivation 
1.1.1 Fall risk 
Falls and fall-related injuries are some of the leading health problems today, usually 
accompanied by both social and economic ramifications (Campbell, Spears et al. 1990; Tinetti 
1994; Tinetti, Baker et al. 1994; Condron, Hill et al. 2002). In the end, a high probability of 
hospitalization and serious injuries like hip fractures typically follow physical falls (Tinetti, 
Speechley et al. 1988; Kannus, Parkkari et al. 1999). In addition to the physical and economic 
damages, falls can also have a noticeable impact on the more implicit everyday life experiences 
through self-imposed mobility restrictions, fear of falling, and dependency (Tinetti, Speechley et 
al. 1988). More importantly, these problems are not exclusive to one region or country. Work-
related fall accidents that ultimately lead to significant losses and damages are reported 
worldwide, for example, in the United States, the United Kingdom, Finland, and Sweden 
(Manning, Ayers et al. 1988; Kemmlert and Lundholm 1998). As a result, understanding fall 
related accidents and reducing their occurrences have been many researchers’ objective for a 
long time (Lockhart 2008). With an aging population that is rapidly growing today, injuries 
associated with slip and fall accidents are among the most serious problems for the elderly. 
Neurological and musculoskeletal diseases that lead to impaired walking are also more 
prominently associated with this growing population, which renders a greater need to understand 
the associated problems (Campbell, Reinken et al. 1981; Lockhart, Smith et al. 2005). 
Falls are caused by a number of multifactorial risk factors (Figure 1.1). These factors are 
mainly classified into two categories, intrinsic and extrinsic factors to risk. Intrinsic risk factors 
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are aging, medications, medical conditions, visual impartments, and balance. Extrinsic factors 
are environmental hazard, footwear, clothing, and assistive devices (Campbell, Reinken et al. 
1981; Baker and Harvey 1985; Blake, Morgan et al. 1988; Campbell, Borrie et al. 1989).   
 
 
 
Figure 1.1 Framework model for quantitatively assessing gait behaviors in occupational and 
clinical populations with high fall risk 
 
 Among those risk factors, balance consists of static and dynamic stability. Human static 
balance has been generally measured from the center of pressure, the point location of the 
vertical ground reaction force vector, on the force plate during quiet standing. The location of the 
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center of pressure during quiet standing reflects the neural control of the ankle muscles, and 
trajectories of the center of pressure can be used to evaluate standing balance (Winter 1995). 
Dynamic stability during gait is the ability to maintain sustained walking without falling. 
Dynamic balance and mobility during gait are highly associated with fall risk since the majority 
of fall-related injuries occur during dynamic movement tasks such as walking (Campbell, Borrie 
et al. 1989; Granata and Lockhart 2008). There are several factors that can affect dynamic 
balance during gait such as aging, neurological disorder, and occupational hazard.  
 
1.1.2 Fall risk associated with occupation, age, and neurological disease 
1.1.2.a Fall risk associated with aging 
The increasing incidence of slip and fall injuries with aging has been reported in many studies 
(Campbell, Reinken et al. 1981; Baker and Harvey 1985; Rubenstein, Robbins et al. 1990; 
Lockhart, Smith et al. 2005). With costs expected to rise beyond $16 billion by the year 2040, 
falls and hip fractures lead as one of the most serious public health problems in the U.S. 
(Cummings and Nevitt 1989; Sattin 1992). Unfortunately, the specific mechanisms and factors 
behind slip and fall accidents are still nebulous today. However, what is clear is that the ability to 
preserve balance in a possible slip and fall incident depends on intact visual, vestibular, 
proprioceptive, and musculoskeletal systems (Nashner 1983; Tideiksaar 2001). Furthermore, 
those abilities show a conspicuous decline with aging, resulting in increased risks for slip and fall 
accidents. 
 
1.1.2.b Fall risk associated with Parkinson’s disease 
In addition to aging, neurological diseases such as Parkinson disease (PD) can also significantly 
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impair gait performance. While PD does not directly cause death, its impact is usually advanced 
through motor dysfunctioning, which lead to higher mortality rates when compared to healthy, 
age-matched individuals (Uitti, Baba et al. 2005). Falls are a significant cause of injury in people 
with PD since they typically tend to have weaker lower-limb extensor muscles than healthy 
adults in the same age group (Pressley, Louis et al. 2003; Temlett and Thompson 2006).  
Muscle weakness has been consistently linked with falls in PD patients (Pedersen, Öberg 
et al. 1997). Furthermore, PD patients frequently experience the ‘freezing’ of their gait, which is 
the main cause for instability and an increased risk of falling (Schaafsma, Giladi et al. 2003). On 
this account, gait disturbances and instability are believed to be a prominent area of research for 
preventing fall injuries. Indeed, several accounts show that subjects with PD have an unusually 
higher risk of falling than age-matched controls. Falls are a serious concern to these patients 
because they usually lead not only to injuries and hip fractures, but also a psychological fear of 
falling as well as severe restrictions on every day activities. At a broader level, these in turn 
contribute to increased institutionalization, loss of independence and increased mortality (Johnell, 
Melton et al. 1992; Ashburn, Stack et al. 2001; Ashburn, Stack et al. 2001). However, despite the 
exhaustive gait and balance testing in both fallers and non-fallers that have been conducted, the 
specific factors that are crucial to PD patients’ falls and fall prediction remain highly elusive 
(Bloem, van Vugt et al. 2001).  
 
1.1.2.c Fall risk associated with firefighting 
In addition to the aging population and PD patients, falls are also the second leading cause of 
work-related fatalities in occupational injuries, next to the number of motor vehicle accidents 
(Council 1993). In fact, the number of fatal falls exceeds the combined number of workplace 
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deaths associated with poison, electric current, fire, burns, and drowning. In the firefighting 
occupation in particular, the leading causes of traumatic injuries in the United States turns out to 
be falls and the loss of balance on the fireground (Karter 2003; Karter and Molis 2008). These 
incidents occur far more frequently than anyone can imagine: in a single year, over 11,000 
injuries are reported, or more than 25% of all fireground injuries (Karter 2003; Karter and Molis 
2008). Falls and loss of balance can result in significant injuries, significant time off the job, and 
reduced productivity and quality of life for the firefighters (Heineman, Shy et al. 1989; Cloutier 
and Champoux 2000; Ault 2002). These injuries are more common than burns, smoke inhalation, 
contact injuries, and overexertion/strain injuries. Furthermore, studies show that these fall related 
injuries are draining considerable resources from both the industry and its workers (Cloutier and 
Champoux 2000; Ault 2002). One study found that accidents due to falls resulted in the longest 
work absences (Cloutier and Champoux 2000). Another study found that, while 16% of all 
injuries to firefighters in Alberta, Canada were due to STFs, these accidents accounted for 25% 
of the total time lost due to injury (Ault 2002). In 2003, a study determined that the mean total 
worker’s compensation claim per slip, trip, or fall injury was $8,662, well above the mean of all 
claims - $5,168 (Walton 2003). Consequently, slip, trip, and fall injuries are not only one of the 
more common injuries on the ground, but are also one of the most expensive injuries. 
Furthermore, while many responses do not involve fires and associated risks for burns and 
smoke inhalation, fall-related events remain a frequent cause of injury in all emergency 
operations. 
Individuals’ mobility and balance ability during gait can be disrupted while performing 
physically demanding tasks, especially in hot and hostile environments. For example, personnel 
such as firefighters and hazardous material workers frequently use a self-contained breathing 
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apparatus (SCBA) that includes a face mask and a shoulder pack with an air bottle. Firefighters 
wear personal protective equipment (PPE), i.e., coat, pants, boots, gloves, helmet, to protect 
themselves from the environment. However, because of the stress due to heat, fatigue and 
impaired mobility, the use of PPE presents many potential problems at work (Punakallio, Lusa et 
al. 2003; Sobeih, Davis et al. 2006). Consequently, sufficient mobility and balance abilities are 
absolutely crucial for all workers’ safety and performance.  
 
1.1.3 Analysis of Human Gait 
Walking is one of the most fundamental actions in our daily life. Therefore, gait impairment, 
regardless of its severity, can affect the overall quality of life. Clinicians and researchers are 
interested in examining gait behavior in order to characterize altered movement patterns due to 
gait impairment. Gait impairment can be caused by musculoskeletal disorders or neurological 
diseases, but even healthy people can have difficulty in walking due to injury from an abrupt 
accident. Many injured individuals can fully recover from trauma, surgery, or sudden pathology, 
but a significant number also end up with permanent impairments in their walking after 
rehabilitation (Wade, Wood et al. 1987; Burdett, Borello-France et al. 1988; Schroeder, Coutts et 
al. 1995).  
The purpose of gait analysis is to diagnose and discover underlying pathologies or 
occupational gait impairment, and develop rehabilitation programs. This can be accomplished by 
quantifying and interpreting human movement patterns during gait - a better understanding of 
human gait patterns will help clinicians develop the strategy to prevent injury or long-term 
disability. In addition, the movement patterns of body segments and joints during gait can reveal 
important information about gait performance. Deviations from normative movement patterns 
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can be an indicator of nerve damage, injuries, anatomical abnormalities, and other neurological 
or musculoskeletal problems. The basis of gait analysis is the assumption that gait abnormality is 
due to underlying neurological or musculoskeletal disorders. In addition, environmental hazard 
or heavy clothing can affect gait behavior, which results in abnormal gait patterns. Thus, 
quantitatively assessing deviation from normative gait patterns can indirectly provide insight into 
the mechanisms behind neurological and/or musculoskeletal diseases and adaptation of 
challenged environment that affect joint movements during gait. 
Gait assessments mainly consist of two areas: qualitative observation such as visual 
inspection; quantitative approaches that examine gait behaviors using laboratory measurements. 
Qualitative measures include for example visual inspection of gait behavior (Perry 1992), the 
Hoehn and Yahr scale to describe severity of the symptoms of PD (Hoehn and Yahr 1998), and 
the Berg Balance Scale to measure static and dynamic balance ability (Berg, Wood-Dauphinee et 
al. 1992). However, the usage of qualitative measures is limited since it cannot provide the 
detailed information about gait behavior. In fact, these methods are unable to capture the small 
deviations of specific gait patterns in comparison to healthy individuals. Moreover, qualitative 
assessments based on observers’ subjective opinions are often not consistent. Therefore, 
information and judgment based on a clinician’s subjective observation may be insufficient to 
accurately diagnose a patient’s condition and devise a suitable rehabilitation strategy.   
To address the deficiencies of qualitative assessment, quantitative gait analysis with 
laboratory measurements such as computerized motion capture systems and force platforms can 
be used. These measurements enable researchers to conduct very detailed gait analyses. 
Continuous movement patterns can reveal important information about the gait analysis subject 
through the deviations from normal human gait patterns. It is evident that the kinematics and 
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kinetics analysis of the extremities provide valuable description about various gait patterns. In 
the field of quantitative analysis, traditional techniques used to characterize human gait have 
mainly focused on examining discrete events during a specific task-related motion, such as heel 
strike and toe-off during gait, or on using univariate statistical measures such as stride and step 
length, and the durations of stance and swing phases of gait (Danion, Varraine et al. 2003; Diop, 
Rahmani et al. 2004; Hausdorff 2004; Knoll, Kocsis et al. 2004; Owings and Grabiner 2004; 
Owings and Grabiner 2004; Schwartz, Rozumalski et al. 2008).  
These laboratory measurements of human walking have the ability to capture the 
complex motion patterns produced throughout the gait cycle. Human gait is a spatiotemporally 
complex movement that involves interaction between multiple body segments and coupling 
across multiple joints. In the course of walking or running, every segment of the human body 
moves simultaneously and is intricately coordinated by the central nervous system to maintain 
gait (Duysens and Van de Crommert 1998). Every segment of the body is connected to another 
segment, and the motion of each segment is coupled to the motion of all other segments during 
the gait cycle. For instance, any restriction of the motion at the knee can also affect the motion of 
other segments on the ipsilateral or contralateral limb, as is often seen in impaired gait 
compensation strategies (Shorter, Polk et al. 2008). Consequently, simple traditional metrics fall 
short of characterizing the coupling across multiple body segments and joints as well as the full 
spatiotemporal complexity of the gait behavior. It is therefore crucial to assess complex motion 
patterns and correlated movements across multiple joints in order to detect physiological and 
neurological constraints, limitations, and injuries. 
 
1.1.4 Gait analysis with respect to fall risk prediction 
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Gait analysis offers reasonable tools for detecting various population groups prone to falling. 
Gait disturbances and instability can result in increased fall risk for older adults, people with 
Parkinson’s disease (PD), and occupational workers. Previous studies proposed that asymmetry, 
variability, complexity, and joint couplings during walking can be used as markers of fall risk in 
a variety of populations (Tiberio 1987; Blin, Ferrandez et al. 1990; Hausdorff, Cudkowicz et al. 
1998; Hamill, van Emmerik et al. 1999; Frenkel-Toledo, Giladi et al. 2005; Johnsen, Mogensen 
et al. 2009). Despite detailed testing of gait and balance in fallers and non-fallers, specific gait 
behaviors that are critically associated with falls and fall prediction still remain unclear. New 
tools for examining joint variability, symmetry, and coupling in gait motion patterns may provide 
added insight to this association.   
 
1.1.4.a Traditional gait analysis measures 
Deviations in spatiotemporal measures such as step length, step width, and gait speed during gait 
have been found to be associated with fall risk. Step length has been one of the essential 
determinants in gait analysis. On slippery surfaces, people tended to shorten their step length in 
order to keep the whole body center of mass within a base-of-support (Cooper and Glassow 
1963). The elderly typically use shorter step lengths and slower speed than younger people in 
order to increase their stability during walking (Marigold and Patla 2008; Menant, Steele et al. 
2009). Under a challenging situation which can cause falls, reduced step length might be a 
walking strategy to maintain stability (Ramachandran, Rosengren et al. 2007). Previous studies 
suggest that the magnitude of anterior-posterior force at heel contact increases with higher heel 
contact velocity that was considered to increase the risk of slip-induced falls (Perkins 1983; Mills 
and Barrett 2001). Excessive ground reaction forces are a major risk factor for fall-related 
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injuries to the lower extremity (Cavanagh and Lafortune 1980; Birrell, Hooper et al. 2007). 
  
1.1.4.b Variability and complexity gait analysis measures 
Variability of joint motion patterns during gait, which can be considered as a marker of dynamic 
balance, has been shown to be predictive of future falls (Schaafsma, Giladi et al. 2003). 
Increased variability has been observed in people with PD, especially in advanced disease (Blin, 
Ferrandez et al. 1990; Hausdorff, Cudkowicz et al. 1998; Frenkel-Toledo, Giladi et al. 2005). 
Previous studies reported that increased stride-to-stride variability of traditional gait measures, 
such as stride length, stride time, and swing time, was observed in the elderly and has been 
associated with future falls in prospective studies (Hausdorff, Rios et al. 2001). Furthermore, the 
increased variability of movement exhibited by people with PD may be related to a decline in 
motor control and dynamic balance, which heighten fall risk (Sheridan, Flowers et al. 1987; Blin, 
Ferrandez et al. 1990).  
Physiologic process can be characterized by a complex interaction of multiple control 
mechanisms (Lipsitz and Goldberger 1992). Changes in physiological functions due to aging or a 
neurological disease can result in altered dynamic structure in the physiologic processes. Thus, 
complexity can be used to measure how much the output of physiologic processes fluctuates 
(Lipsitz and Goldberger 1992; Lipsitz 2004). Previous studies to examine gait complexity 
reported conflicting results depending on their metrics to quantify complexity. Goldberger et al. 
found decreased gait complexity in stride timing due to disease and aging using fractal analysis 
(Goldberger, Amaral et al. 2002). However, other researchers reported increased gait complexity 
in stride timing due to disease and aging using Hurst exponents (Munoz-Diosdado, del Rio 
Correa et al. 2003).   
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1.1.4.c Joint coupling gait analysis measures 
As stated above, gait is a spatiotemporally coupled motion across multiple joints. Joint coupling 
patterns and the coordination of motion during gait may be associated with fall-related injuries. It 
has been known that asynchrony of joint coupling patterns is associated with musculoskeletal 
injuries including fall-related injuries (Tiberio 1987; Hamill, van Emmerik et al. 1999; DeLeo, 
Dierks et al. 2004). Timing discrepancies among lower limb joint motions may lead to excessive 
stress at the lower extremity joints (Hamill, van Emmerik et al. 1999). Thus, each joint in the 
lower extremity should move synchronously, and asynchrony in these motions due to either 
internal or external perturbation may result in injury (DeLeo, Dierks et al. 2004). However, 
previous methods focused on the single coupling, and thereby fail to capture the effects of one 
joint on another, i.e., joint coupling patterns. 
 Most previous studies of segmental coupling during gait have focused on single 
couplings between two immediately adjacent body segments or leg joints, which can provide 
information about the coupling relationship between neighboring body segments or joints. 
However, since these techniques are able to only provide insight into movement coupling 
characteristics of a single pair of neighboring body segments or joints, they cannot characterize 
other joint couplings across multiple (not necessarily neighboring) segments and joints during 
gait. The Condition Signature Analysis, discussed in Chapter 2, uses multiple cross-correlations 
and provides integrated joint coupling characteristics throughout the lower extremities at a 
glance. Closer examination of multiple joint coupling patterns may uncover underlying 
physiological limitation during gait.  
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1.2 Objectives of the Dissertation 
The aim of this dissertation was to explore new techniques for quantifying gait patterns and to 
characterize possible fall-prone gait behaviors in population groups with high fall risk, such as 
the elderly, people with Parkinson’s disease, and firefighters. This dissertation addressed the 
following specific objectives.  
(1) To develop a new method (Condition Signature Analysis) to characterize joint coupling 
patterns in the lower extremity during human gait.  
(2) To investigate gait behaviors in three population groups with high fall risk (the elderly, 
persons with PD, and firefighters) using the Condition Signature Analysis along with 
other developed quantitative assessment tools.  
 
1.3 Organization of the Dissertation 
This dissertation consists of five studies, with each of them presented in individual chapters 
(Chapter 2–6). Chapter 2 is a methodology paper to propose a new tool (Condition Signature 
Analysis) for characterizing spatiotemporally complex gait patterns. Using temporal cross-
correlation, this study quantified the coupling characteristics across lower extremity joint 
variables. A sensitivity analysis was performed to examine the effect on this cross-correlation 
technique by the number of gait cycles used in the analysis. An additional analysis examined 
how the use of piecewise linear length normalization (PLLN) affects the outcome of the 
Condition Signature Analysis. In Chapters 3 and 4, this technique along with other recently 
developed methods to quantify lower extremity movement symmetry, variability and complexity 
was used to examine gait behaviors in population groups with high fall risk (older adults and 
persons with Parkinson’s disease). Chapter 3 examines gait data of healthy older adults and older 
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adults with Parkinson’s disease. Chapter 4 examines the effects of deep brain stimulation (DBS) 
use on Parkinsonian gait behavior. These gait patterns were also examined using Regions of 
Deviation (ROD) analysis to explore possible changes in symmetry (Shorter, Polk et al. 2008) 
and phase portrait analysis to examine possible changes in joint motion complexity and 
variability ((DiBerardino, Polk et al. 2010). Chapter 5 discusses the potential effect of SCBA air 
bottle weight and size on firefighter gait performance. Chapter 6 discusses the effect of wearing 
protective clothing and firefighting activity on subsequent gait performance. Finally, Chapter 7 
discusses the conclusion and the rationale of the work presented in this dissertation with a 
mechanics perspective. 
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CHAPTER 2 CHARACTERIZATION OF SPATIOTEMPORALLY COMPLEX GAIT 
PATTERNS USING CROSS-CORRELATION SIGNATURES
1
 
 
2.1 ABSTRACT 
We hypothesize that spatiotemporal joint coupling patterns during gait are closely associated 
with musculoskeletal injury mechanics. Previous studies examining joint coupling, have 
primarily focused on coupling between single pairs of neighboring body segments or joints; thus 
falling short of characterizing the full spatiotemporal complexity across the entire gait apparatus. 
This study proposes the reliance on properties of the temporal cross-correlation of distinct joint 
variables as a means to characterize and detect differences in multiple segmental coupling pairs 
and to quantify how these couplings change between different gait conditions or test groups. In 
particular, for each subject, a characteristic diagram array is obtained whose entries include the 
maximum values of the cross-correlation between all pairs of joint variables as well as the 
associated phase shifts at which these maxima are recorded. Paired t-tests are then used to 
highlight significant differences in the corresponding entries between two gait conditions. In 
addition, to discern whether there are significant differences in the overall patterns between two 
gait conditions, Mantel tests were performed. In the present study, this technique was applied to 
angular displacement and velocity histories across twelve lower extremity joint variables, for 
healthy subjects with and without a brace on the right knee. As expected, the statistical analysis 
indicated that the temporal cross-correlations associated with the right knee-angle variables 
differed the most between the two gait conditions. In addition, significant differences (p<0.01) 
were found in the coupling between other pairs of joint variables, establishing a characteristic 
                                                 
1
 Sections of this chapter appear in the following paper: Park, K., H. Dankowicz, and E.T. Hsiao-Wecksler, 
Characterization of spatiotemporally complex gait patterns using cross-correlation signatures. Gait and Posture, In 
Press. http://dx.doi.org/10.1016/j.gaitpost.2012.01.016. 
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spatiotemporal signature for the changes from normative gait that result from reduced mobility at 
the knee.  
Keywords: Gait, spatiotemporal complexity, joint coupling, cross-correlation, knee bracing   
 
2.2 INTRODUCTION 
Human gait is a spatiotemporally complex motion that involves interaction between multiple 
body segments and coupling across multiple joints. In the course of walking or running, each 
segment of the human body moves simultaneously and is coordinated properly by the central 
nervous system to maintain sustained gait (Duysens and Van de Crommert 1998). As each body 
segment is connected to another segment, the motion of each segment is thus coupled to the 
motion of all other segments during the gait cycle. For instance, any restriction of the motion at 
the knee can also affect the motion of other segments on the ipsilateral or contralateral limbs, as 
is often seen in impaired gait compensation strategies (Shorter, Polk et al. 2008). 
The degree of coupling between joints and the apparent coordination of motion of 
different body segments during gait may be associated with injury. For instance, Tiberio reported 
that anterior knee pain would be related to abnormal joint coupling during gait (Tiberio 1987). 
Similarly, absence of synchrony between the motions of leg segments has also been suggested as 
a source of musculoskeletal joint injury (Hamill, van Emmerik et al. 1999; DeLeo, Dierks et al. 
2004).  
Most previous studies of segmental coupling during gait have focused on the single 
coupling between two immediately adjacent body segments or leg joints. Some of these 
techniques compute the ratio between two angles. For example, a method that specifically 
computed the ratio between rearfoot eversion/tibial internal rotation angles has been used to 
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examine coupling between lower leg segments (Nigg, Cole et al. 1993; McClay and Manal 1997; 
McClay and Manal 1998; Stacoff, Reinschmidt et al. 2000; Williams, McClay et al. 2001). 
Similarly, Chang et al. examined coordinated interaction between segments within the foot by 
quantifying a coupling angle between rearfoot and forefoot segments (Chang, Van Emmerik et al. 
2008). Methods based on a dynamical systems approach, e.g., continuous-relative-phase or 
vector coding, have been used to evaluate the coupling relationship between knee/ankle, 
thigh/shank, or rearfoot/forefoot (Hamill, van Emmerik et al. 1999; Li and Caldwell 1999; 
Stergiou, Jensen et al. 2001; Heiderscheit 2002; Ferber, Davis et al. 2005; Miller, Chang et al. 
2010).   
We hypothesize that there exist systematic and quantifiable relationships between 
deviations from normative gait observed in the movement patterns during walking and 
underlying physiological limitations. Such limitations would be expected to affect not only 
movement patterns of individual body segments and joints, but also the coupling across multiple 
(not necessarily neighboring) segments and joints. It may, consequently, be useful to characterize 
different gait behaviors by quantifying the spatiotemporal (albeit not necessarily causal) coupling 
between distinct body segments across the entire gait apparatus. 
A cross-correlation based technique was developed in the present study to capture and 
characterize the relative timing and shape of temporal signals across multiple joint variables (the 
spatial domain) during gait. Cross-correlation analysis has been applied previously in the context 
of biomechanics to the study of EMG signals during various motions such as walking, cycling, 
limb movement, etc. (Loeb, Yee et al. 1987; Harrison, Ironton et al. 1991; Li and Caldwell 1999; 
Semmler and Nordstrom 1999; De Michele, Sello et al. 2003; Wren, Patrick Do et al. 2006). For 
example, cross-correlation has been used to identify the synchronization of motor unit firings or 
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to perform pattern recognition of EMG signals (Loeb, Yee et al. 1987; Li and Caldwell 1999). 
Cross-correlation between body movements has also been used (Pohl, Messenger et al. 2006; 
Chan, Leung et al. 2010). For example, Pohl et al. used the cross-correlation technique to 
examine the joint couplings between rearfoot and four adjacent joint variables during walking, 
and Chan et al. showed that cross-correlation of upper extremity joint movements could be used 
for classification between normal and Parkinsonian individuals when reaching to a target (Pohl, 
Messenger et al. 2006; Chan, Leung et al. 2010). In contrast with these past studies, in the 
present effort, we seek to characterize joint couplings throughout the entire locomotive apparatus 
using a single representative diagram. In particular, we emphasize coupling characteristics that 
highlight contralateral limb compensation. 
  The use of multiple cross-correlations proposed in this paper provides integrated joint 
coupling characteristics in the lower extremities at a glance. In particular, it was argued that 
spatial coupling across joints would manifests itself in characteristic delays (phase shifts) 
between significant events in distinct time signals. Although this might be taken as the basis for 
an inference regarding the causal relationship of muscular actuation, this study focused on 
comparing typical values for the relative timing and shape of pairs of distinct signals between the 
different condition groups without seeking to identify such causality.   
 
2.3 METHODS 
2.3.1 Experimental data 
Walking data from a previous study were used in the current analysis; see reference for detailed 
experimental procedure (DiBerardino, Polk et al. 2010). Institutional Review Board approval and 
informed consent were obtained. Twenty healthy male subjects (23 ± 2 yrs) walked for three 
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minutes on a treadmill (Star Trac, Irvine, CA, USA; model TR 4000) at a self-selected 
comfortable speed determined while wearing a knee brace locked into extension. Two conditions 
were tested: (1) normal (non-braced) walking, and (2) walking with a brace (DonJoy, Vista, CA, 
USA; model 81099) on the right knee. Bracing provided a controlled testing condition for 
simulating abnormal gait with known conditions. Lower limb kinematic data were collected at 
120 Hz (Vicon, Oxford, UK; 460 Datastation), and filtered using a fourth-order low-pass 
Butterworth filter with 8 Hz cut-off frequency.  
Twelve joint variables (bilateral hip, knee, and ankle angular displacements [deg] and 
velocities [deg/s]) were calculated using the techniques specified in Shorter et al. (Shorter, Polk 
et al. 2008). The timing between consecutive heel strikes for each leg was defined as one gait 
cycle. Data for each cycle were rescaled to 101 time points representing equal intervals from 0% 
to 100% gait cycle. For each joint variable, averaged values over ten consecutive gait cycles 
recorded after 1 minute to obtain steady-state walking were computed. A custom-written 
MATLAB program was used to perform all calculations (R2008a, The MathWorks, Natick, MA). 
Because of missing markers, data from only 19 subjects were used for analysis.  
 
2.3.2 Data analysis 
2.3.2.1 Cross-correlation functions 
Cross correlations are often used to detect temporal similarities between two sets of time-series 
data and to quantify these as a function of a phase shift imposed on one data set. For a pair of 
finite sequences  N
ii
xx
1
  and  N
ii
yy
1
  of size N corresponding to a constant-rate 
sampling of two periodic signals of the same period over a full period, we rely here on the 
normalized cross-correlation function of x  and y  (Chatfield 1984) 
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where x  and y  denote the averages of the two signals, respectively. Here, the integer 
 Nk ,0  represents a phase shift of one signal ( y ) relative to the other ( x ). It follows directly 
from Equation 2.1 that      krkNr yxxy ,,   so the cross-correlation function of y  and x  
may be obtained from that of x  and y  simply by a reflection. 
In this study, 100N , so each increment of k  represents 1% of a gait cycle. When 
0k , the two signals are in phase. When 10k , one time-series ( y ) is shifted 10% (of one 
gait cycle) to the right (Figure 2.1). For each phase shift k , the numerical value of 
    1,1, kr yx  is a measure of the similarity in shape between the two signals. In particular, 
two signals which are identical after the imposition of the phase shift will have a cross-
correlation of 1; 1r  means strong negative correlation. Similarly, the cross-correlation 
between two entirely uncorrelated signals should be close to 0. 
We seek to characterize the pairwise spatiotemporal coupling across the lower body 
segments during a gait cycle. Taking into account the reflection symmetry, it follows that it 
suffices to compute 66 cross-correlation functions, corresponding to all possible pairs among the 
12 joint variables. These were computed using Equation 2.1 for each subject and for each gait 
condition (non-braced, braced) using the averaged gait signals found above.  
 
2.3.2.2 Characteristic diagrams and signatures 
Let 
 1x  through 
 12x  correspond to the sampled time series for the left hip, left knee, left 
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ankle, right hip, right knee, and right ankle angular displacements and the left hip, left knee, left 
ankle, right hip, right knee, and right ankle angular velocities, respectively. The 66 cross-
correlation functions then correspond to      kr ji xx ,  for 1 12i j   . For each subject and each 
gait condition, we proceed to record in a 12 by 12 array, the maximum value 
   ( ) ( )
*
max, ,
( )i ji j x yr r k  in the  ij, -th entry and the corresponding critical phase shift 
 
*
max,
50
i j
k k  , where this maximum is attained, in the  ji, -th entry (Figure. 2.1 and 2.2). It 
follows from the definition that the critical phase shift  
*
, jik  is non-directional, i.e. that  
*
, jik  is 
equal to  
*
,ijk . The two parameters, the maximal cross-correlation and the critical phase shift, 
were chosen to measure similarity of the shape between two compared time-series data. The 
greater maximal cross-correlation value indicates that overall shapes of two data sets are similar. 
The critical phase shift value indicates how much one time-series data need to be shifted to best 
fit the other data in a time domain. We refer to each such array as the characteristic diagram for 
the corresponding subject and the particular gait condition. Figure 2.2 shows individual and 
averaged characteristic diagrams for the two gait conditions. In order to identify different gait 
conditions using CSA, qualitative comparison can be used. The visual representation for each 
condition group is generated using a gradient-colored scheme for each cell of the characteristic 
diagram is shown in Figure 2.2c. Here, the degree of shading corresponds to the deviation of the 
 
*
, jir  values from 1 and the  
*
, jik  values from 50. 
To examine statistical differences between two gait conditions in terms of the entries in 
the characteristic diagrams, i.e., the maximal values of the cross-correlation functions and the 
corresponding phase shifts, a paired t-test was applied to each array cell across the entire 
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collection of 19 subjects assuming a normal distribution. For example, by applying this 
technique to the  1,2 -th entry, we explore the hypothesis of a significant difference between the 
non-braced and braced gait conditions in the maximal value of the cross-correlation of the left 
knee and left hip angular displacement signals. (Note: if this technique is used to compare data 
from two different population groups, then unpaired t-test should be used.). No type-I error 
adjustments were made to this series of t-tests, as the statistical analysis tested the separate 
hypotheses of a significant difference for each individual cross-correlation parameter, instead of 
whether the characteristic diagrams from the two conditions differed. As each such test was a 
planned test, adjustments such as Tukey’s test or the Bonferroni correction were not warranted 
(Hays 1981). We proceeded to associate with the braced condition a black/white color-coded 12 
by 12 array, referred to as the condition signature. In particular, cells in the condition signature 
were colored black if a significant difference ( 01.0p ) was found between the non-braced and 
braced gait conditions in the corresponding cell in the characteristic diagrams, and were colored 
white otherwise (Figure 2.3b).  
 
2.3.3 Effects of time normalizing gait data on the condition signature  
The cross-correlation technique presented in this paper relies on the shape and timing of the 
input data, the structure of the time-series gait data may have an impact on the outcome of this 
method. Average time series data are often adjusted to 0-100% gait cycle. However, this 
approach generally ignores timing variability in movement patterns, both between and within 
gait cycles. Thus, averaged movement data may express reduced peak values and increased 
standard deviations due to inter- and intra-cycle variability in timing (Helwig, Hong et al. 2011). 
To address these deficiencies, we have found piecewise linear length normalization (PLLN) to be 
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a preferable technique for removing timing variability between discrete points of interest 
throughout the gait cycle (Morris and Hsiao-Wecksler 2010; Helwig, Hong et al. 2011). PLLN is 
essentially curve registration that compresses or expands the time axis of a cycle to-be-aligned 
with a target data set. Alignments are done using linear interpolation between specified points of 
interest along the gait cycle. As a supplementary study, we examined how the use of PLLN 
affects the outcome of Condition Signature analysis.  
 For PLLN, the gait cycle was divided into five subphase pieces identified from six gait 
events (Morris and Hsiao-Wecksler 2010): (i) loading response: ipsilateral heel strike (IHS
1
) to 
contralateral limb toe-off (CTO
1
), (ii) mid-stance: CTO
1
 to limb alignment (LA, i.e., bilateral hip 
and knee alignment), (iii) terminal-stance: LA to contralateral heel strike (CHS
1
), (iv) pre-swing: 
CHS
1
 to ipsilateral toe-off (ITO
1
), and (v) swing: ITO
1
 to IHS
2
. Average timings, in % gait cycle, 
were determined for each gait event for both conditions. These average timings were then used to 
align individual and average unbraced and braced cycles by the PLLN method. Therefore, for 
each subject, two different averaged time-series data (pre-PLLN and post-PLLN) were 
determined for the 12 joint variables. To perform condition signature analysis, temporal cross-
correlations was computed for each pair of variables, excluding the autocorrelation. These were 
done for each subject across both test conditions (unbraced and knee braced) and both averaging 
conditions (pre- and post-PLLN). For each subject, test condition and averaging condition, the 
maximal cross-correlation and the critical phase shift values are placed into a 12×12 
“characteristic matrix” with rows and columns labeled by the twelve joint variables, such that the 
entries below the diagonal contained the maximal cross-correlation value for the corresponding 
pair and the entries above the diagonal contained the critical phase shift. To assess changes in 
maximal cross-correlation and critical phase shift between test conditions (unbraced vs. braced), 
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a condition signature diagram was then created (Figure 2.4). Condition signature diagrams were 
created from the gait data pre- and post-PLLN. To assess whether PLLN affected condition 
signature outcomes, the number of cells with disparate statistical conclusions (i.e., different 
coloring) were summed.  
 
2.3.4 Examination of the effect of number of gait cycles on the analysis  
Often, in gait analysis, only a limited number of gait cycles can be collected. To examine the 
sensitivity of the condition signature analysis technique to the number of gait cycles used in the 
analysis, condition signatures were generated over a series of different numbers of gait cycles. 
The effect of the number of analyzed gait cycles was quantified by calculating the percentage of 
cells in the condition signature for which a different cell coloring resulted when using i gait 
cycles instead of the maximum of 10 gait cycles. Specifically, 
                (2.2) 
where CellNumt is the total number of cells analyzed in the condition signature, which is 132 
(=144-12) for this assessment of 12 variables, and CellNumd,i is the number of cells with 
different color (black vs. white) between the condition signatures from 10 gait cycles and from i 
gait cycles. The unit of the difference (Di) is therefore percent. The minimum number of gait 
cycles required to achieve a condition signature with at least 95% of the same cell coloring (or 
same behavioral outcome) as the average across 10 gait cycles was identified. 
 
2.3.5 Assessment of consistency of characteristic diagrams using Mantel tests 
The Mantel test, a statistical test of the correlation between two matrices (Sokal and Rohlf 1995), 
was used to examine the consistency of characteristic diagrams among the test subjects during 
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the nonbraced and knee braced gait conditions. A series of Mantel tests were performed on 
nonbraced data to determine whether the two parameters, maximal cross-correlation and critical 
phase shift values, used to generate the characteristic diagram exhibit similar patterns across the 
19 test subjects. Similarly, a series of Mantel tests were performed to check whether the maximal 
cross-correlation and critical phase shift values in the braced condition were consistent across the 
19 subjects. To discern whether the overall patterns of joint movements were different between 
the two gait conditions, an average characteristic diagram of all subjects during the unbraced 
condition was compared to an average characteristic diagram for the braced condition using a 
Mantel test. Since the two parameters, maximal cross-correlation and critical phase shift values, 
have different range of values, separate Mantel tests were performed for each variable (e.g. 
average maximal cross-correlation values for the nonbraced group vs. average maximal cross-
correlation values for the braced group, average critical phase shift values for the nonbraced 
group vs. average critical phase shift values for the braced group, etc.) 
 
2.4 RESULTS 
The condition signature based on 10 gait cycles shown in Figure 2.3b constitutes a collective 
statistical description of those differences between the relative shapes and timings of all pairs of 
joint variables, computed for the braced and normative non-braced gait conditions, respectively, 
which are significant across the sample of 19 subjects. As might be expected, numerous cells 
indicating pairings of the restricted knee joint (RK, RKv) with other joint variables were found to 
be significantly different between the unbraced and right knee-braced condition (denoted with 
black cells). The condition signature also indicated that significant changes were observed for 
couplings between other joint variables in addition to the braced knee joint parameters. Only the 
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right knee variables exceeded the right hip joint variables (right hip joint angular displacement 
and velocity) in the number of significant cells (31 vs. 25) in the condition signature; the left hip 
and left knee variables had 20 and 21 significant cells, respectively (Figure 2.3b). 
Note, in particular, that while the time series for the corresponding right and left knee 
joint variable time series (RK vs. LK, RKv vs. LKv) are close to identical (maximal cross-
correlation value of 1 and critical phase shift close to 50%) in the normative gait condition, the 
knee brace introduces a statistically significant asymmetry in the relative shape and timing of 
these signals (Figure 2.5).  
Ten cells were identified as being different between pre- and post-PLLN condition 
signature diagrams (Figure 2.4 a-b). Those ten different cells were associated with all six joints 
(left and right hip, knee, and ankle joints). Temporal alignment using PLLN caused changes in 
timing of joint angle data which resulted in changes in six cells of the phase shifts. In addition, 
the analysis to examine the effect of number of gait cycles on condition signature suggested that 
at least four gait cycles should be used to generate a converged condition signature with at least 
95% agreement with the data reported here (Figure 2.6).  
The Mantel tests found consistent characteristic diagram features among the test subjects 
during both gait conditions. Figures 2.7 and 2.8 provide Mantel test results when comparing the 
characteristic diagram parameters between any two subjects for unbraced and knee-braced 
conditions, respectively. For the characteristic diagrams during nonbraced walking, the Mantel 
tests suggest little difference among the cell values between subjects. The average value of the 
correlation coefficient from the Mantel tests for the maximal cross-correlation value was 0.92, 
while the average value for the critical phase shift values was 0.81 (Figure 2.7). These Mantel 
test results suggest that the two variables were quite similar across the 19 subjects during 
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nonbraced walking. For the braced condition, the average value of the correlation coefficient 
from the Mantel tests for the maximal cross-correlation and the critical phase shift values were 
0.84 and 0.79, respectively (Figure 2.8). The additional Mantel test for the average maximal 
cross-correlation values between the two gait conditions had a correlation coefficient of 0.89, and 
the correlation coefficient for the average critical phase shift values was 0.91. Using the Mantel 
test, comparison between one individual and one group is also possible. For example, a Mantel 
test was performed to compare the maximal cross-correlation values for one nonbraced subject 
with the averaged maximal cross-correlation values for the nonbraced group. The correlation 
coefficient was 0.99. Alternatively, when the knee-braced data for the single subject was 
compared to the same averaged nonbraced group characteristic diagram, the Mantel test 
correlation coefficient for the maximal cross-correlation value parameter was reduced to 0.86, as 
would be expected. 
 
2.5 DISCUSSION 
This work has sought to characterize spatiotemporally complex behavior of the gait apparatus for 
different walking conditions in terms of statistically significant differences in a collection of 
pairwise cross-correlation functions applied to recorded kinematic data. In particular, it has been 
argued that human walking is a spatiotemporally coordinated motion consisting of the coupled 
and coordinated movement of several major body segments and that joint- or segment-specific 
changes in the musculoskeletal physiology would likely manifest themselves across the entire 
mechanical linkage. This study has quantified this coupling in terms of maximal values and 
associated phase shifts of the normalized cross-correlation functions between all pairs of time 
signals obtained from a set of 12 kinematic joint variables. The condition signature arrived at by 
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identifying those quantities that differ in a statistically significant way from the corresponding 
normative values has here been proposed as an aggregate pattern that could be used to classify a 
given non-normative gait condition. Specifically, in this study, it provides a single integrated 
visual description for the knee-braced gait pattern in terms of differences from normative gait in 
particular spatiotemporal joint couplings. 
It is interesting to use the condition signature to further explore the extent to which the 
test condition of restricted right knee movement introduces asymmetry in the spatiotemporal 
behavior of the gait motion in all joints. As an example, the characteristic diagram for the 
unbraced condition shows maximal correlation values closer to 1 and critical phase shifts closer 
to 50 in the bilateral joint comparisons than in the knee braced condition (Figure 2.2c). These 
changes resulted in statistically significant differences in the condition signature for the left and 
right ankle and hip angular displacements and angular velocities, respectively (Figure 2.3b). On 
the other hand, a significant number of cells show an absence of a statistically significant 
difference between the two gait conditions suggesting that the neuromuscular control is largely 
able to retain the relative shape and timing of the corresponding signals even with the braced 
knee. An interesting exception is the statistically significant difference between the two 
conditions in the critical phase shift between the left hip angular displacement signal and the left 
hip and ankle angular velocity signals. These show that the effect of the braced right knee also 
propagates to the temporal evolution of the joint variables on the unbraced left side. 
Interestingly, the left knee and hip variables resulted in more significantly different cells 
than the right ankle joint variables. This result suggests that the right knee brace affected the left 
knee and hip motion patterns more than it affected the motion pattern of the right ankle. DeVita 
et al. (De Vita, Torry et al. 1996) reported that the hip joint torque on the braced side during gait 
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was 14.3 % greater with a knee brace than with no brace, whereas the ankle joint torque was 
5.1 % greater with a knee brace. This greater torque at the hip joint may explain the more 
significant differences associated with the hip joint variables than with the ankle joint variables. 
Time normalization (or temporal alignment) had a modest effect on the outcome of the 
condition signatures. Although PLLN only affected temporal adjustment, four cells in the 
maximal cross-correlation values were different from pre-PLLN condition (Figure 2.4). This 
supplementary analysis investigated the effect of aligning time series data using PLLN over 
several gait cycles on the results of Condition Signature analysis. These results suggest that 
choice in averaging methods of gait data might not affect the results obtained from this gait 
assessment tool.  
The results from the Mantel tests suggest that characteristic diagrams within each gait 
condition group were consistent (Figures 2.7 and 2.8). In addition, the Mantel test was used to 
check whether there was a difference between the two gait conditions by examining the averaged 
overall gait patterns. That Mantel test found little differences between the averaged unbraced 
versus braced characteristic diagrams (correlation coefficients of ~0.9). This result, which 
implies consistency in characteristic diagrams between the two gait conditions, seems to be 
contradictory to the condition signature presented in Figure 2.3b, which found substantial 
differences in multiple cells of the characteristic diagrams. This contradiction may likely be due 
to different derivation methods between of the condition signature and Mantel test. In this study, 
the condition signature was generated by performing a paired t-test on the 19 data points in each 
cell of the characteristic diagrams for the two gait conditions. Whereas the Mantel test compared 
the averaged values between the two gait conditions. Thus, the CSA method focuses on within 
subject differences; while the averaging process used for the Mantel test may mask the distinct 
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differences between the two gait conditions for each test subject. Further, the output from a 
Mantel test is a single value. Therefore, it is not possible to use this test to indicate which joint 
movements are different between two gait conditions. On the other hand, CSA provides 
information about which specific joint couplings are significantly different between the two 
conditions.   
There are several limitations to the proposed technique as well as to the observations 
reported in this study. Consider, for example, the insensitivity of the normalized cross-
correlation technique to certain systematic bias in the time signals. Clearly, a uniform scaling of 
the magnitude of one signal relative to the other has no effect on the normalized cross-correlation 
function and would not result in any deviation from the normative gait condition. Similarly, an 
identical, uniform temporal shift of the two signals would result in an unchanged normalized 
cross-correlation function. In this case, however, the absence of a statistically significant 
difference in the corresponding cell of the condition signature would be accompanied by 
statistically significant differences in entries corresponding to cross-correlations with other joint 
variables, assuming that uniform scaling or shifting did not also occur with these other joints.  
On a related note, note that the analysis relied on applying the cross-correlation technique 
to a representative average gait cycle, rather than on averaging cross-correlation data for 
individual gait cycles. Whereas the former arrives at a condition signature applied to a fictitious 
set of time histories – an “average stride”, the latter would consider compensatory effects as they 
occur within an actual stride. There is clearly value in assessing the degree to which the artificial 
nature of the average stride could produce signature artefacts that would not be present in the 
latter type of analysis. 
 It is also reasonable to question whether the uniform time-normalization and averaging 
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steps taken prior to the application of the cross-correlation analysis removes significant 
information about the inter-cycle correlations or about within-stride behaviour associated with 
characteristic gait events. To address the latter concern, we performed a preliminary analysis to 
examine the effects on the cross-correlation results from using non-uniform time-normalization 
techniques (Helwig, Hong et al. 2011), for example based on aligning heel strike and toe-off 
events. The results suggest that the proposed technique is relatively insensitive to such 
alternative approaches  (Sokal and Rohlf 1995). 
Another limitation of this study is the absence of evidence supporting a particular causal 
relationship of muscular actuation. Indeed, at best, the condition signature affords a snapshot of 
the temporal coupling characteristics for a given physiological limitation. To extract from this a 
sense of causality and, consequently, a method for assessing the relative importance of 
significant differences for different pairs of joint variables, we imagine the condition signature 
technique being combined with systematic experimental protocols that gradually introduce 
artificial limitations in order to determine the most favorable locus of intervention or 
rehabilitation. 
In spite of these limitations, the finding of statistically significant differences between 
the two gait conditions (non-braced and braced) in a collection of measures of the cross-
correlations between the 12 joint variables, suggests the possible use of the condition signature 
as a novel multivariate measure of physiologically limited gait. It offers a visually accessible way 
to examine comprehensively upper/lower extremity joint coupling characteristics at a glance than 
comparing a number of plots. Since a relatively small number of gait cycles appears to be 
enough to obtain stable condition signatures, this tool may be applicable even in cases where the 
amount of gait data is limited. The condition signature might also be useful for examining more 
31 
 
detailed gait characteristics for people with musculoskeletal disease and neurological disorder. 
Future work should consider a variety of pathological gait patterns to determine if certain 
pathologies result in clinically useful condition signatures. In these cases, it might be appropriate 
to include upper extremity joint angle and kinetic variables in the analysis. Also, one could 
consider replacing the maximal cross-correlation values and the corresponding time shifts with 
quantities computed using other correlation techniques (e.g. (Cobb 2008)). 
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2.7 FIGURES AND TABLES 
 
 
Figure 2.1 Exemplar of maximal cross-correlation (r*{x,y} ) and critical phase shift (k*{x,y}) values. 
(a) Two time series from left and right knee joint angular displacement (no brace trial) with a 
right-knee time shift of 0% (k=0), 10% (k=10), and 30% time shift (k=30), respectively. (b) The 
cross-correlation function between the above two time series (a).
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Figure 2.2 The maximal cross-correlation and critical phase shift values. (a) Two sets of 
characteristic diagrams from two subjects with and without knee brace, (b) One set of 
characteristic diagrams consisting of average values over 19 subjects, and (c) Gradient-colored 
characteristic diagrams for two different conditions based on the average values in (b) (i.e., 
greater values are colored as darker).
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Figure 2.3 (a) The scheme of a condition signature. The lower left triangle of array indicates the 
maximal cross-correlation values (light gray), and the upper right of the array indicates the 
critical phase shifts (dark gray) at the corresponding cross-correlation functions indicated in the 
cells. (Angular displacements; LH = left hip, LK = left knee, LA = left ankle, RH = right hip, RK 
= right knee, RA = right ankle, Angular velocities; LHv = left hip, LKv = left knee, LAv = left 
ankle, RHv = right hip, RKv = right knee, RAv = right ankle). (b) Resultant condition signature 
showing significant differences between two different gait conditions (no brace and right knee 
brace). Boxes shaded black mean that there were statistically significant differences (p<0.01), 
but white boxes indicate no differences in cell values between the two gait conditions.  
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Figure 2.4 Condition signature diagrams (a) pre-PLLN (b) post-PLLN. Red circles in indicate 
cells for which coupling behavior conclusion changed as a consequence of PLLN adjustment of 
the time-series gait data.  
36 
 
 
0
0.2
0.4
0.6
0.8
1
1.2
A
v
e
r
a
g
e
 
m
a
x
im
a
l 
v
a
lu
e
 
(r
*
{
i,
j}
)
No brace
Right knee brace
0
0.2
0.4
0.6
0.8
1
1.2
M
a
x
. 
C
C
No brace
Right knee brace
LH  LK  LA  RH  RK  RA LHv LKv LAv RHv RKv RAv LH  LK  LA  RH  RK  RA LHv LKv LAv RHv RKv RAv
Relative to right knee angular displacement Relative to right knee angular velocity
*
*
* *
*
*
*
*
*
*
*
*
*
*
*
* *
0
10
20
30
40
50
60
A
v
e
ra
g
e
 c
ri
ti
c
a
l 
p
h
a
s
e
 s
h
if
t 
(k
* {
i,
j}
)
0
10
20
30
40
50
60
P
h
a
s
e
 s
h
if
t 
(%
 g
a
it
 c
y
c
le
)
(c)
*
*
*
*
* * *
LH  LK  LA  RH  RK  RA LHv LKv LAv RHv RKv RAv
*
*
* *
*
*
*
LH  LK  LA  RH  RK  RA LHv LKv LAv RHv RKv RAv
(d)
(a) (b)
 
Figure 2.5 Maximal cross-correlation (± standard deviations) and the critical phase shift values 
(± standard deviations) between right knee angle parameters (angular displacement (a), (c) and 
velocity (b), (d)) and all 12 joint variables for no brace and right knee brace conditions. * 
indicates the significant difference between the two gait conditions (p=0.01): (a) Maximal cross-
correlation values associated with right knee angular displacement, (b) Maximal cross-
correlation values associated with right knee angular velocity, (c) Critical phase shifts associated 
with right knee angular displacement, (d) Critical phase shifts associated with right knee angular 
velocity. 
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Figure 2.6 Percent difference of the number of significant cells in a condition signature as a 
function of the number of gait cycles used to generate a condition signature. 
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Figure 2.7 Correlation coefficients from the Mantel tests for the maximal cross-correlation and 
the critical phase shift values across the 19 subjects without bracing. Note that the axes are 
subject number. Left lower cells indicate the maximal cross-correlation values, and right upper 
cells indicate the critical phase shifts. 
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Figure 2.8 Correlation coefficients from the Mantel tests for the maximal cross-correlation and 
the critical phase shift values across the 19 subjects with right knee brace. Note that the axes are 
subject number. Left lower cells indicate the maximal cross-correlation values, and right upper 
cells indicate the critical phase shifts. 
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CHAPTER 3 EFFECTS OF AGING AND PARKINSON’S DISEASE ON JOINT 
COUPLING, SYMMETRY, COMPLEXITY AND VARIABILITY OF LOWER LIMB 
MOVEMENTS DURING GAIT 
 
3.1 ABSTRACT 
The purpose of this study was to investigate the effect of aging and Parkinson disease (PD) on 
variability, complexity, asymmetry, and joint coupling patterns in order to better understand 
elderly and Parkinsonian gait behavior associated with fall risk. We hypothesized that gait 
instability due to aging or PD would increase asymmetry, complexity, and variability of lower 
limb joint movements during gait, as compared to young healthy adults. In addition, we expected 
that aging and PD would affect joint coupling patterns as well as joint movements themselves. 
This study utilized new gait assessment techniques that quantitatively examined these gait 
behaviors. In order to examine joint coupling characteristics, the Condition Signature Analysis 
technique was applied to the lower extremity joint variables. Variability and complexity of joint 
variables during gait were evaluated from the phase portrait based-method, and gait asymmetry 
was measured using the Regions of Deviation technique. The results from this study suggest that 
people with PD had the worst bilateral symmetry (left vs. right limb) among the three subject 
groups. Both aging and PD significantly decreased complexity of hip joint movements, while 
there was no significant difference of variability measures among the three groups. The 
Condition Signature Analysis method suggested significant differences of joint coupling patterns 
due to aging and PD. These new gait assessment techniques successfully captured changes in 
asymmetry, variability, complexity, and joint coupling patterns, which can be used as indicators 
of fall risk.  
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3.2 INTRODUCTION 
Gait disturbances and instability can result in increased fall risk for older adults and people with 
Parkinson’s disease (PD). Falls may lead to injuries, hip fractures, fear of falling, and restriction 
of activities which in turn result in loss of independence and mortality (Johnell, Melton et al. 
1992; Ashburn, Stack et al. 2001). Despite detailed testing of gait and balance in fallers and non-
fallers, specific gait behaviors that are critically associated with falls and fall prediction in PD or 
the elderly still remain unclear. New methods for examining joint variability, symmetry, and 
coupling in gait movement patterns may provide added insight to this association. 
 Variability and complexity of gait have been quantified with a number of different 
metrics. Variability of joint motion patterns during gait has been shown to be predictive of future 
falls (Schaafsma, Giladi et al. 2003). Previous studies reported that increased stride-to-stride 
variability of traditional gait measures, such as stride length, stride time, and swing time, was 
observed in the elderly and has been associated with future falls in prospective studies 
(Hausdorff, Rios et al. 2001). Furthermore, the increased variability of movement exhibited by 
people with PD may be related to a decline in motor control and dynamic balance, which 
heighten fall risk (Sheridan, Flowers et al. 1987; Blin, Ferrandez et al. 1990). In gait analysis, 
complexity has been evaluated by a variety of different techniques. Previous studies to examine 
gait complexity reported conflicting results depending on their metrics to quantify complexity. 
Goldberger et al. found decreased gait complexity in stride timing due to disease and aging using 
fractal analysis (Goldberger, Amaral et al. 2002). However, other researchers reported increased 
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gait complexity in stride timing due to disease and aging using Hurst exponents (Munoz-
Diosdado, del Rio Correa et al. 2003). These results are clearly based on the parameters used to 
quantify complexity, and their interpretations of these results will obviously vary. Although the 
interpretation of the results from different techniques may be different, they can be used to 
quantify the difference among various gait behaviors. Recently, DiBerardino et al. have proposed 
a method to quantify the complexity and inter-cycle variability of phase portrait shapes of lower 
limb motions during multiple continuous gait cycles (DiBerardino, Polk et al. 2010). Phase 
portraits can be used to characterize cyclic and dynamic patterns of joint motions during multiple 
continuous gait cycles. Metrics from this method provide insight into intra-cycle fluctuation or 
smoothness (complexity) and inter-cycle fluctuation (variability) of phase portrait shapes.  
Asymmetry in lower extremity movement observed in people with PD and older adults 
has been found to also associate with gait instability and fall risk (Lewek, Poole et al. 2010; 
Bautmans, Jansen et al. 2011). The inability to maintain bilateral coordination and activation of 
successive movements during gait, which have been found to associate with fall risk, have been 
quantified using gait asymmetry metrics (Yogev, Plotnik et al. 2007; Johnsen, Mogensen et al. 
2009). The majority of studies to examine gait asymmetries have used qualitative interpretation 
using visual inspection or simple discrete measures, such as stride and step length, and the 
durations of stance and swing phases of gait (Danion, Varraine et al. 2003; Diop, Rahmani et al. 
2004; Hausdorff 2004; Knoll, Kocsis et al. 2004; Owings and Grabiner 2004; Owings and 
Grabiner 2004; Schwartz, Rozumalski et al. 2008). In order to effectively quantify 
spatiotemporally complex movements across multiple joint variables and across the entire gait 
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cycle, more complicated techniques are necessary. Regions of Deviation analysis is a 
methodology that was developed to provide greater insight into regions of the gait cycle where 
(symmetric or individual) joint movement patterns deviate from normative behavior (Shorter, 
Polk et al. 2008).  
 Joint coupling patterns and the coordination of motion during gait may also be 
associated with fall-related injuries in people with PD and the elderly. It has been shown that 
asynchrony of joint coupling characteristics is associated with musculoskeletal injuries including 
fall-related injuries (Tiberio 1987; Hamill, van Emmerik et al. 1999; DeLeo, Dierks et al. 2004). 
Timing discrepancies among lower limb joint motions may lead to excessive stress at the knee 
joint (Hamill, van Emmerik et al. 1999). Thus, each joint in the lower extremity should move 
synchronously; and asynchrony in these motions due to either internal or external perturbation 
may result in injury (DeLeo, Dierks et al. 2004). Previous methods, however, have focused on 
single coupling pairings (of either joints or body segments), and thereby fail to capture the 
effects of one joint on multiple joints, i.e., multi-joint coupling patterns. In contrast with these 
past studies, the Condition Signature Analysis (CSA) seeks to characterize joint couplings 
throughout the entire locomotive apparatus using a single representative diagram (Chapter 2).  
The purpose of the current study was to investigate possible changes in coupling patterns, 
symmetry, complexity and variability of lower extremity joints to characterize elderly and 
Parkinsonian gait behaviors. Recently developed gait assessment tools developed by Shorter et al. 
(2008), DiBerardino et al. (2010), and in Chapter 2 were applied to gait data collected on healthy 
older adults, older adults with Parkinson’s disease, and healthy young adult control subjects. We 
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applied these new gait analysis methods to assess whether these methods can provide better 
insight into changes in gait behavior due to age or Parkinson’s disease than traditional gait 
measures, and whether observed changes might suggest movement patterns that are associated 
with greater fall risk.  
   
3.3 METHODS 
3.3.1 Participants 
Ten healthy older adults and ten individuals with idiopathic PD were recruited for the study 
(older adults (OA): mean age 59±9 years, PD: mean age 64±9 years). For persons with PD, 
participants were excluded from the study if they had a history of stroke, exposure to toxins or 
neuroleptics, history of encephalitis, and neurological signs of upper motion neuron disease, 
supranuclear gaze palsy, or significant orthostatic hypotension. The protocol was approved by 
the institutional review boards at the University of Florida and the University of Illinois, and 
informed consent was received for each participant. Experimental data were collected in the 
Department of Applied Physiology and Kinesiology at the University of Florida, under the 
supervision of Prof. Christopher Hass. Additionally data from previously collected gait studies 
on 20 young adult (YA) male subjects (23 ± 2 years) (DiBerardino, Polk et al. 2010) were also 
used in this study.  
 
3.3.2 Experimental Procedure 
For PD and OA subjects, treadmill walking data were collected during a single test session. 
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Participants walked for five minutes at their self-selected speed on an instrumented split-belt 
treadmill (Bertec Corporation, Columbus, OH). Self-selected speed was determined while 
walking without needing additional support. PD subjects participated in the experiment under 
off-medication condition. For YA subjects, treadmill walking data were recorded during three 
minute self-selected speed gait trials. Data collection procedures for the young adult group were 
summarized previously (DiBerardino, Polk et al. 2010). 
Kinematic data were collected at 120Hz using a 10-camera motion capture system (Vicon, 
Lake Forest, CA). Thirty-five retro-reflective markers were placed over anatomical bony 
landmarks according to the Vicon’s Plug-in-Gait marker system. Markers were placed bilaterally 
on the 2nd MTP head, heel, ankle, tibia, knee, thigh, ASIS, PSIS, shoulder, elbow, radial wrist, 
ulnar wrist, 2nd finger, forehead, and posterior head. Single markers were placed over the jugular 
notch, inferior sternum, C7, T10, and the right scapula. These kinematic marker data were 
converted into lower limb joint angle measurements per the Vicon program. The timing between 
consecutive heel strikes for a given leg was defined as one gait cycle. Ankle, knee, and hip 
flexion/extension angular displacements and velocities were determined for a consecutive 20 gait 
cycle window over each walking trial. This window was examined starting after at least the first 
25 gait cycles of walking. A custom-written MATLAB program was used to perform all 
calculations (R2010a, The MathWorks, Natick, MA).  
 
3.3.3 Gait Assessment techniques 
Gait kinematics were examined to assess the effects of aging and PD on asymmetry, variability, 
46 
 
 
complexity, and joint coupling patterns using four assessment methods: Regions of Deviation 
(ROD) analysis (Shorter, Polk et al. 2008), variability and complexity of phase portraits 
(DiBerardino, Polk et al. 2010), Condition Signature Analysis (as described in Chapter 2), and 
traditional gait metrics (Danion, Varraine et al. 2003; Diop, Rahmani et al. 2004; Hausdorff 
2004; Knoll, Kocsis et al. 2004; Owings and Grabiner 2004; Owings and Grabiner 2004; 
Schwartz, Rozumalski et al. 2008). 
 
3.3.3.1 Regions of Deviation analysis  
Regions of Deviation (ROD) analysis identifies regions of the gait cycle where joint angular 
displacements deviated from normative behavior (Shorter, Polk et al. 2008). This analysis 
technique is used to evaluate deviations in symmetry between bilateral joints or deviation of an 
individual joint’s motion relative to healthy normative behavior. Thus ROD analysis consists of 
two assessments: Symmetry Regions of Deviation (SROD) and Individual Regions of Deviation 
(IROD). Both assessments quantify deviations in the given data that lay one standard deviation 
outside of the normative group mean. Data are analyzed at each point in the gait cycle after the 
time series data have been normalized to 100% gait cycle with 1% increments. Healthy 
normative gait patterns for the ROD analysis were based on the gait data from the YA group.  
SROD analysis determines the magnitude and timing of when bilateral joint angle pairs 
demonstrate asymmetric behavior across the gait cycle.  For a given joint of a particular subject 
during a test condition, the deviation from healthy normative behavior of the angular difference 
between the left and right sides (i.e. left hip-right hip, left knee-right knee, etc.) was computed 
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and expressed as the “SROD value” for each data point in a gait cycle. A negative value indicates 
a smaller value for the left side. Average SROD values for each bilateral joint pair were 
determined over the 20 consecutive cycles. 
Similarly, IROD analysis identifies the magnitude and timing of when the motion of a 
specific or individual joint (e.g., left hip, right ankle) deviates from expected healthy normative 
behavior. The amount of deviation was expressed as the “IROD value”.   
SROD and IROD values were computed for the three test conditions (YA, OA, and PD) 
and for each lower limb joint (ankle, knee, and hip). For each SROD or IROD data set, three 
parameters were determined: peak value, peak timing, and total ROD value (integral of the 
absolute value over the full gait cycle). Total ROD value provides insight into the total 
magnitude of ROD values throughout the full gait cycle. While peak ROD value indicates a 
maximal deviation in the gait cycle, total ROD value provides important insight into how 
subjects modulate their joint movements to minimize ROD values throughout the full gait cycle.  
 
3.3.3.2 Complexity and Variability  
Planar phase portraits, which represent changes in joint angular position versus velocity over 
each gait cycle, are approximately elliptical shapes. Metrics to quantify the variability and 
complexity of phase portrait shapes over multiple gait cycles have been described previously 
(Polk, Spencer-Smith et al. 2008). Inter-cycle variability has been assessed by quantifying 
fluctuations of the phase portrait centroid over multiple gait cycles. The centroid was defined as 
the mean value of all (x=angular position, y=angular velocity) data points in the phase portrait 
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for each gait cycle. Specifically, variability has been characterized by computing the drift and 
95% confidence elliptical area generated by the excursion of the centroid over multiple cycles, 
and the complexity of the motion pattern, has been assessed by the frequency content of the 
phase portraits. Using Fourier-based methods, the structure or complexity was quantified by the 
number of harmonic frequencies suitable for fitting a phase portrait shape. More specifically, this 
number is based on the minimum number of harmonics in a reduced-order fit, that is capable of 
reproducing 99.9% of the phase portrait shape over the 20 gait cycles (DiBerardino, Polk et al. 
2010). Phase portraits with a larger number of harmonics indicated motion patterns that require 
more harmonics to characterize its shape.  
 
3.3.3.3 Condition signatures  
Condition Signature Analysis (Chapter 2, (Park, Dankowicz et al. 2010) was used to examine 
coupling between twelve joint movements (bilateral ankle, knee and hip angular displacements 
and velocities). Ipsilateral and contralateral joint parameter pairs were examined to identify 
coupling and coordination patterns between aging or PD and young healthy normative behavior 
(OA vs. YA, PD vs. YA). Temporal cross-correlation compared the shape and timing of these 
time-series gait parameters. From these cross-correlations, the maximum cross-correlation and 
associated critical phase shift values were recorded. Two condition signature diagrams were 
created that highlighted significant differences due to aging and PD (using unpaired t-tests with 
α=0.05) among maximal cross-correlation or critical phase shift values for each joint pairing. 
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3.3.3.4 Traditional gait metrics 
The effect of aging and PD on gait behavior was also examined by looking at traditional gait 
metrics such as step length (SL), step width (SW), cycle times (CT), SL variability, SW 
variability, and CT variability (Danion, Varraine et al. 2003; Diop, Rahmani et al. 2004; 
Hausdorff 2004; Knoll, Kocsis et al. 2004; Owings and Grabiner 2004; Owings and Grabiner 
2004; Schwartz, Rozumalski et al. 2008). Step length was defined as the anterior-posterior 
distance between consecutive heel strikes of the legs. Step width was defined as the medial-
lateral distance between subsequent heel strikes of feet. Cycle time was defined as the time of 
one gait cycle, which is the timing between consecutive heel strikes for a given limb. Variability 
of these three parameters (SL, SW, and CT) was defined as the standard deviation over the 
consecutive 20 gait cycles for each trial. 
 
3.3.3.5 Statistical analyses 
Statistical analyses to assess the effect of aging and PD on joint variability, complexity, 
asymmetry, and traditional gait metrics were performed (SPSS Inc., Chicago, IL; v15). ANOVA 
tests were conducted to determine whether there were significant changes in joint symmetry and 
movement among three different groups (YA, OA, and PD). ANOVAs were used to test for 
difference in complexity (number of harmonics) and variability measures (centroid swept area, 
centroid drift) among three different groups. ANOVAs were used to test for differences in 
traditional gait metrics (SL, SW, CT, SL variability, SW variability, CT variability) among three 
different groups. All tests were conducted using a significance level of α=0.05. Tukey HSD 
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analysis was used for post-hoc comparisons. 
 
3.4 RESULTS 
We tested for overall differences in asymmetry, complexity, variability, and joint couplings in 
gait among the three subject groups (YA, OA, PD). The ANOVA tests found significant 
differences among the three groups for asymmetry (SROD, IROD) and complexity metrics 
(Tables 3.1-3.3). Post-hoc tests revealed that aging and PD significantly increased lower limb 
joint asymmetry. Total SROD values of hip, knee, and ankle joint for the PD group were 
significantly larger than the other two healthy groups (YA, OA) (Table 3.1). People with PD had 
greater total IROD values than young adults, but not older adults (Table 3.2). Interestingly, aging 
and PD decreased the complexity of hip and ankle joint movements such that aging decreased 
the complexity of left hip joint movement and PD decreased the complexity of right ankle joint 
movement (Table 3.3). A variability measure, centroid area, showed a non-statistically 
significant trend that the PD group had more variable joint movement patterns for the right knee 
(p=0.08) and ankle (p=0.1) than the other healthy groups (Table 3.3). The condition signature 
also indicated changes in joint coupling patterns between different groups, such as bilateral joint 
asymmetry, neighboring joint coupling, and level of disturbed gait (YA vs. OA, YA vs. PD) 
(Figure 3.1). There were several significant differences of traditional gait metrics among three 
groups. Surprisingly, older adults used longer steps compared to young adults (YA: 0.52±0.07 m, 
OA: 0.61±0.07 m). Both aging and PD decreased cycle time (YA: 0.68±0.05 s, OA: 0.57±0.05 s, 
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PD: 0.60±0.07 s). For the variability of SL and cycle time, older adults had the smallest 
variability among the three groups. 
 
3.5 DISCUSSION 
The effects of aging and PD on symmetry, complexity, variability, and joint coupling patterns 
were investigated to better understand elderly and Parkinsonian gait behavior associated with fall 
risk. We hypothesized that gait instability due to aging or PD would increase asymmetry, 
complexity, and variability of lower limb joint movements during gait. In addition, we expected 
that aging and PD would affect joint coupling patterns as well as joint movements themselves. 
The results from this study suggest that people with PD had the worst bilateral symmetry (left vs. 
right limb) among the three subject groups (Table 3.1). Individual lower extremity joint motions 
for young adults were significantly different from the other two groups (OA, PD), but there was 
no significant difference between older adults and people with PD (Table 3.2). Although no 
significant differences were found for any variability measures (centroid area, centroid drift) 
among the three groups, there was a trend that centroid area of the PD group was greater than the 
other two healthy groups (Table 3.3). While young adults had the most complex hip joint 
movements among the three groups, people with PD had the least complex ankle joint 
movements (Table 3.3). 
PD significantly increased bilateral gait asymmetry for all three lower limb joint 
movements (hip, knee, and ankle; Table 3.1). Bilateral asymmetry, left vs. right lower limb joint 
coordination, was examined using SROD analysis symmetry (Shorter, Polk et al. 2008). These 
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findings are consistent with previous studies such that PD patients exhibited increased bilateral 
asymmetry in lower extremity muscle activation timing, timing of swing duration, and arm 
swing trajectories (Miller, Thaut et al. 1996; Yogev, Plotnik et al. 2007; Lewek, Poole et al. 
2010). PD usually presents as an asymmetric neurological process and results in motor 
asymmetry (Uitti, Baba et al. 2005; Yust-Katz, Tesler et al. 2008). While presence of cardinal 
symptoms such as tremor, rigidity, and bradykinesia can be used to diagnose PD, it is possible 
that gait asymmetry in joint movements may be utilized as another diagnostic or disease 
progression tracking tool for PD. In the present study, SROD analysis provides quantitative 
assessments for the asymmetrical aspect of PD by highlighting the magnitude and timing of 
asymmetry. Bilateral gait asymmetry may generate dynamic imbalance, which in turn can result 
in increased fall risk. This argument can be supported by the fact that increased asymmetry is 
observed in both people with PD and fall-prone individuals (Yogev, Plotnik et al. 2007). To 
clarify the relationship between bilateral symmetry and fall risk of people with PD, future study 
to examine asymmetry of fall-prone PD individuals and PD non-fallers could be informative. 
 IROD analysis identified the effect of aging on individual lower limb joint movement. 
For bilateral hip, knee, and ankle joints, total IROD values of the young adults group were 
significantly smaller than older adults and people with PD (Table 3.2). These results from IROD 
analysis suggest that aging and PD increase deviation in joint motion. However, the true effect of 
PD is unclear since both older adults and people with PD groups had similar age ranges (Old 
adults: mean age 59±9 years, PD: mean age 64±9 years). Further analysis of PD without the 
effect of aging is necessary. 
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Interestingly, both aging and PD significantly decreased complexity of hip joint 
movements while there was no significant difference of variability measures among the three 
groups (Table 3.3). Increased complexity in the phase portrait of the hip joint for young adults 
indicates that an increased number of harmonics was needed to describe their hip joint motion 
shapes. Conversely, this result can be interpreted as an increased smoothness of phase portrait 
structure in lower limb joint motions of the older adults and people with PD. It is not surprising 
that only the complexity measure showed a significant difference among the three groups while 
no variability metric reached statistical significance since these parameters describe different 
aspects of the phase portrait. Complexity relies on signal fluctuation frequency and irregularity, 
while variability relates to deviation from the mean value. The results from the complexity 
analysis suggest that human gait loses complexity of joint motions with aging or disease such as 
PD. These results are consistent with previous studies that aging is associated with a loss of 
complexity in physiological system dynamics (Lipsitz and Goldberger 1992; Lipsitz 2002). It is 
possible that older adults and PD patients might use a more cautious strategy to minimize 
complexity or variability of joint motions during walking in order to compensate for their 
decreased gait instability due to aging or PD.  
 The Condition Signature Analysis identified changes in joint coupling patterns due to 
aging and PD (Figure 3.1). The temporal cross-correlation function between two bilateral joint 
variables (i.e., left vs. right knee joint displacement, left vs. right ankle joint displacement) 
quantifies bilateral symmetry of timing and shape of two joint motions. In the condition 
signature diagram, black colored cells of bilateral joint variable pairs suggest that there were 
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significant differences in shape (maximal cross-correlation) or timing (critical phase shift) of 
corresponding bilateral joint couplings between two conditions indicating asymmetrical gait 
behavior. The other joint variable pairings in the condition signature (e.g. LK vs. RH, LH vs. LA, 
LK vs. RA, etc.) are associated with the magnitude of perturbed gait behavior. During continuous 
walking, each body segment and joint move simultaneously and are coordinated by the central 
nervous system to maintain sustained gait (Duysens and Van de Crommert 1998). Assuming that 
normative gait has minimal disturbance throughout multiple lower limb motions, abnormal joint 
coupling patterns (deviations in joint coupling patterns from the normative data) can be 
considered as a perturbation. In the condition signature, black colored cells, not associated with 
bilateral or neighboring joint couplings, can be used to gain insight into the magnitude of 
perturbation during gait such as the joint couplings between right knee and left ankle. Each black 
colored cell indicates significant difference of the corresponding joint coupling between test 
groups, and more black colored cells suggest that its gait behavior is disturbed during gait. 
Increased level of disturbance may lead to increased fall risk. Finally, these detailed joint 
coupling patterns characterize a specific gait behavior, and were used to examine various gait 
patterns from the elderly and people with PD. 
 For the comparison of older adults with young adults, all joint angular displacements and 
velocities except knee joint angle had significantly different maximal cross-correlation values 
between left and right joint variables (p<0.05). On the other hand, another symmetry measure, 
SROD analysis used in this study indicated that only older adults’ knee joint angle significantly 
deviated from joint motions of young adults, but not hip and ankle joint angles. This discrepancy 
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of the results is due to different aspects of each analysis. Temporal cross-correlation is a measure 
of the similarity in shape between two time-series while SROD computes angular difference 
between left and right side joint variables. Thus, these results suggest that shapes of bilateral 
joint variables were significantly different for most of lower limb joints, but changes in the 
magnitude of bilateral joint angle pairs were not significantly different between older and young 
adults. Condition signature for people with PD (PD vs. YA) had only two black colored cells 
(maximal cross-correlation: LAv vs. RAv, critical phase shift: LH vs. RH) among the bilateral 
joint couplings. However, SROD analysis indicated that PD group had significantly greater total 
SROD values for hip, knee, and ankle joints compared to young adults group. These results 
suggest that shapes of bilateral joint variables were similar although angular differences of 
bilateral joint pairs were significantly greater between the PD group and young adults group. 
 Asynchrony of joint coupling patterns during gait can be associated with 
musculoskeletal injuries (Tiberio 1987; Hamill, van Emmerik et al. 1999; DeLeo, Dierks et al. 
2004). During continuous walking, abnormal joint coupling patterns (deviations in joint coupling 
patterns from normative data) can be considered as a perturbation assuming that normative gait 
has minimal disturbance. Although a small amount of perturbation is applied to human gait, it 
can result in falls unless gait is controlled toward a steady state trajectory. In Condition Signature 
Analysis, black colored cells indicate different joint coupling patterns compared to the normative 
data set. Both older adult and people with PD groups had many different joint coupling patterns 
from the healthy young adults. These results indicate that both groups accommodate a significant 
amount of disturbance during gait, which may be associated with increased fall risk.  
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 In summary, new gait assessment tools were applied to the three participant groups (YA, 
OA, PD) for the purpose characterizing gait behavior due to aging and neurological disease such 
as PD. These techniques successfully captured changes in gait behavior such as asymmetry, 
variability, complexity, and joint coupling patterns, which can be used as indicators of fall risk. 
These tools provide a variety of quantitative assessments of gait patterns. Greater understanding 
of how these different gait behaviors vary with different clinical populations can be used to 
diagnose gait impairment due to musculoskeletal disease and neurological disorder, and possibly 
track gait impairment progression.    
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3.7 FIGURES AND TABLES 
 
Figure 3.1 Condition signatures indicating significant differences of joint coupling patterns. (a) 
older adults vs. young adults, (b) people with PD vs. young adults. Boxes shaded black mean 
indicate statistically significant differences (p<0.05), but white boxes indicate no differences in 
cell values between the two conditions.   
 
*Note: Angular displacements; LH = left hip, LK = left knee, LA = left ankle, RH = right hip, 
RK = right knee, RA = right ankle, Angular velocities; LHv = left hip, LKv = left knee, LAv = 
left ankle, RHv = right hip, RKv = right knee, RAv = right ankle).    
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Table 3.1 Mean (and standard deviation) values of symmetry region of deviation (SROD) 
measures for three bilateral joint pairs for three different groups (YA: healthy young adult, OA: 
healthy old adult, PD: people with PD). Superscript letters denote significant difference (p<0.05) 
from indicated group.  
 
SROD measure 
(units) 
Hip Knee Ankle 
YA (A) OA (B) PD (C) YA (A) OA (B) PD (C) YA (A) OA (B) PD (C) 
Peak value 
(degree) 
2.1
C
 
(2.2) 
3.4  
(2.1) 
5.2
A
  
(2.6) 
2.7
BC
 
(2.1) 
9.4
A
  
(6.8) 
12.4
A
 
(7.4) 
3.0
C
 
(2.5) 
2.8
C
 
(1.1) 
6.6
AB
  
(4.8) 
Peak timing    
(% GC) 
64.3 
(34.5) 
63.6 
(29.4) 
38.1 
(32.6) 
38.4
B
 
(30.8) 
72.3
A
 
(30.8) 
43.2 
(35.9) 
56.7 
(29.7) 
43.6 
(38.3) 
58.2 
(22.3) 
Total SROD 
(degree∙% GC) 
60.3
C
 
(76.8) 
107.8
C
 
(106.1) 
239.9
AB
 
(191.1) 
62.2
BC
 
(57.1) 
290.0
AC
 
(248.9) 
488.0
AB
 
(243.4) 
83.4
C
 
(85.3) 
66.4
C
 
(23.6) 
182.9
AB
 
(154.5) 
 
 
Table 3.2 Mean (and standard deviation) values of individual region of deviation (IROD) 
measures for each lower limb joint for three different groups. Superscript letters denote 
significant difference (p<0.05) from indicated group.    
 
Lower 
extremity joints 
IROD Measure 
(unit) 
Left leg Right leg 
YA (A) OA (B) PD (C) YA (A) OA (B) PD (C) 
Hip 
Peak value 
(degree) 
6.7BC 
(2.9) 
20.0A 
(7.0) 
13.9A 
(8.6) 
6.4BC 
(2.3) 
18.6A 
(7.9) 
11.8A 
(7.3) 
Peak timing     
(% GC) 
62.9B 
(22.8) 
30.0A 
(42.2) 
42.5 
(39.7) 
52.1B 
(29.3) 
20.4A 
(35.5) 
50 
(29.9) 
Total IROD 
(degree∙% GC) 
319BC 
(222) 
1111A 
(544) 
826A 
(743) 
284BC 
(195) 
1068A 
(584) 
757A 
(700) 
Knee 
Peak value 
(degree) 
7.9BC 
(3.2) 
14.5A 
(7.4) 
18.6A 
(5.4) 
7.3BC 
(3.0) 
20.0A 
(12.5) 
17.9A 
(13.9) 
Peak timing     
(% GC) 
46.8BC 
(33.2) 
81.7A 
(23.3) 
81.2A 
(13.8) 
51.1 
(33.3) 
70.1 
(27.2) 
60.9 
(36.6) 
Total IROD 
(degree∙% GC) 
288BC 
(183) 
504A 
(259) 
703A 
(274) 
247BC 
(140) 
820A 
(572) 
620A 
(452) 
Ankle 
Peak value 
(degree) 
7.1C 
(4.1) 
9.5  
(2.1) 
11.8A 
(4.4) 
7.6C 
(3.3) 
9.9  
(2.8) 
12.3A 
(4.0) 
Peak timing     
(% GC) 
63.5B 
(29.9) 
31.1A 
(30.9) 
43.1 
(29.8) 
57.1B 
(24.8) 
9.9A 
(2.8) 
43.4 
(29.0) 
Total IROD 
(degree∙% GC) 
211BC 
(145) 
479A 
(128) 
457A 
(196) 
214BC 
(131) 
453A 
(152) 
457A 
(113) 
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Table 3.3 Mean (and standard deviation) values of complexity and variability measures for lower 
limb joints for three different groups. Superscript letters denote significant difference (p≤0.006) 
from indicated group.   
 
Lower 
extremity joints 
Measure (unit) 
Left leg Right leg 
YA (A) OA (B) PD (C) YA (A) OA (B) PD (C) 
Hip 
Complexity  
(# harmonic) 
192
BC
 (18) 149
A
 (35) 153
A
 (31) 190
BC
 (17) 148
A
 (29) 158
A
 (24) 
Drift (Cartesian 
distance) 
0.72 (0.24) 0.80 (0.38) 0.74 (0.33) 0.82 (0.22) 0.80 (0.23) 0.84 (0.48) 
Area (rad
2
/s) 
0.0064 
(0.0038) 
0.0105 
(0.0067) 
0.0132 
(0.0147) 
0.0079 
(0.0045) 
0.0096 
(0.0049) 
0.0181 
(0.0230) 
Knee 
Complexity  
(# harmonic) 
179 (14) 182 (17) 173 (11) 176 (16) 192 (27) 186 (18) 
Drift (Cartesian 
distance) 
1.01 (0.45) 0.78 (0.26) 1.25 (0.94) 1.18 (0.56) 0.71 (0.23) 1.36 (1.13) 
Area (rad
2
/s) 
0.0124 
(0.0097)  
0.0090 
(0.0057) 
0.0211 
(0.0265) 
0.0156 
(0.0111) 
0.0073 
(0.0044) 
0.0525 
(0.0891) 
Ankle 
Complexity  
(# harmonic) 
272
C
 (22) 260
C
 (14) 222
AB
 (30) 275
C
 (26) 261
C
 (18) 225
AB
 (27) 
Drift (Cartesian 
distance) 
1.00 (0.54) 0.59 (0.15) 0.86 (0.46) 0.85 (0.31) 0.67 (0.25) 0.97 (0.52) 
Area (rad
2
/s) 
0.0083 
(0.0065) 
0.0055 
(0.0022) 
0.0133 
(0.0169) 
0.0071 
(0.0057) 
0.0057 
(0.0029) 
0.0172 
(0.0225) 
 
Table 3.4 Mean (and standard deviation) values of traditional gait metrics for lower limb joints 
for three different groups. Superscript letters denote significant difference (p≤0.029) from 
indicated group. 
 
Group 
Step Length 
(SL, m) 
Step Width 
(SW, m) 
Cycle Time 
(CT, s) 
Variability  
of SL 
Variability 
of SW 
Variability 
of CT 
YA (A) 0.52B (0.07) 0.10 (0.03) 
0.68BC 
(0.05) 
0.020B 
(0.007) 
0.016B 
(0.004) 
0.018B 
(0.004) 
OA (B) 0.61A (0.07) 0.11 (0.03) 0.57A (0.05) 
0.013AC 
(0.003) 
0.012A 
(0.004) 
0.011AC 
(0.004) 
PD (C) 0.54 (0.1) 0.12 (0.02) 0.6A (0.07) 
0.022B 
(0.007) 
0.014 (0.005) 
0.019B 
(0.008) 
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CHAPTER 4 EFFECTS OF SUBTHALAMIC NUCLEUS DEEP BRAIN 
STIMULATION ON PARKINSONIAN GAIT BEHAVIOR  
 
4.1 ABSTRACT 
Deep brain stimulation of the subthalamic nucleus (STN-DBS) has been used to mitigate 
cardinal symptoms of Parkinson’s disease (PD) such as tremor, rigidity, and bradykinesia. Mixed 
results, however, have been found as to whether DBS leads to improved or sustained gait 
performance. For PD patients, gait instability is a critical issue since it can increase fall risk. Gait 
instability can be quantified by assessing variability, asymmetry, and coupling patterns of joint 
movements during gait. New gait analysis methods have recently been developed with the 
intention of providing greater quantitative insight into the complex and coupled nature of human 
movement. Specifically, these methods characterize regions or periods of deviation in joint 
movement and symmetry, quantify the complexity & variability of cyclic shapes (i.e., phase 
space portraits), and identify coupling of multiple joint movements. In the current study, we 
applied these new gait analysis methods to PD gait data to assess whether these methods can 
provide better insight into detecting changes in gait behavior as a consequence of STN-DBS. 
Similar to previous reports using only spatiotemporal gait variables, the new analysis tools used 
in this study found few if any significant differences in lower limb joint movement patterns due 
to STN-DBS use. Joint coupling analysis indicated that seven joint coupling patterns changed 
due to STN-DBS use. Further study is necessary to determine whether these joint coupling 
changes imply improvement in gait performance of PD patients.  
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4.2 INTRODUCTION 
Deep brain stimulation of the subthalamic nucleus (STN-DBS) is considered an effective 
surgical procedure to mitigate cardinal symptoms for advanced Parkinson’s disease (PD). STN-
DBS is a programmable procedure that uses a lead that is implanted into ‘deep’ brain structures 
such as the subthalmic nucleus (STN) or globus pallidus (GPi) (Fernandez, Rodriguez et al. 
2007). The lead is connected to a battery-operated neurostimulator through an extension passed 
under the skin of the head, neck, and shoulder. The neurostimulator is usually implanted under 
the skin near the collarbone and sends electrical signals to the targeted areas in the brain that 
control movement.  Tremor, rigidity, bradykinesia (i.e., slow movement), and hypokinesia 
(small amplitude movement) are usually responsive to medical treatment with levodopa and to 
STN-DBS for patients with advanced PD. However, gait disturbances show a more variable 
response to these treatment modalities (Ferrarin, Rizzone et al. 2005; Crenna, Carpinella et al. 
2006; Moreau, Defebvre et al. 2008). 
 Gait disturbance and postural instability is an important contributor of disability and loss 
of independence in patients with PD. In particular, the failure to maintain stability during gait can 
lead to falls which in turn can result in an increased risk of mortality and morbidity in persons 
with PD (Wood, Bilclough et al. 2002). Fractures of the hip, particularly of the femoral neck, are 
among the most devastating complications of falling in persons with PD. Gait instability related 
to fall risk can be measured by various quantitative techniques. Newly developed techniques to 
examine joint variability, symmetry, and coupling patterns in gait may provide better insight into 
detecting changes in gait behavior as a consequence of STN-DBS. 
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 Gait variability, which can be considered as a marker of dynamic balance and fall risk, 
has been observed in people with PD, especially in advanced disease (Blin, Ferrandez et al. 
1990; Hausdorff, Cudkowicz et al. 1998; Frenkel-Toledo, Giladi et al. 2005). However, the 
effects of STN-DBS on variability in Parkinsonian gait still remain unclear. Further, there are 
conflicting reports on the effects of STN-DBS on fall risk (Bejjani, Gervais et al. 2000; 
Hausdorff, Gruendlinger et al. 2009). Investigation of the effects of DBS on gait variability may 
provide insight into mechanisms that contribute to fall risk.  
 Asymmetry of Parkinsonian gait is associated with gait instability and fall risk. A 
previous study reported that DBS decreased asymmetry in the distance between the heel markers 
and center of mass, and timing of events such as opposite toe off and opposite heel strike time. It 
was proposed that this decreases in asymmetric gait behavior due to DBS thereby improves 
dynamic balance during gait (Johnsen, Mogensen et al. 2009). However, these simple discrete 
measures to examine gait asymmetry fail to detect the nature of motion that occurs between these 
discrete temporal events.  
 Joint coupling patterns during gait may also be associated with fall-related injuries in 
people with PD. It has been known that asynchrony of joint coupling characteristics is associated 
with musculoskeletal injuries including fall-related injuries (Tiberio 1987; Hamill, van Emmerik 
et al. 1999; DeLeo, Dierks et al. 2004). However, previous methods focused on single joint pair 
coupling, and thereby fail to capture the effects of one joint on another, i.e., multiple joint 
coupling patterns. 
 The purpose of this study was to examine the effects of bilateral DBS on asymmetry, 
63 
 
 
variability, complexity, and joint couplings during continuous walking as markers of fall risk in 
Parkinsonian gait. To achieve this purpose, new gait analysis methods have recently been 
developed with the intention of providing greater quantitative insight into the complex and 
coupled nature of human movement. Specifically, these methods characterize regions or periods 
of deviation in joint movement and symmetry (Shorter, Polk et al. 2008), quantify the complexity 
& variability of cyclic shapes (i.e., phase space portraits) (DiBerardino, Polk et al. 2010), and 
identify coupling of multiple joint movements (Chapter 2, (Park, Dankowicz et al. 2010). We 
applied these new gait analysis methods to the Parkinsonian gait data to assess whether these 
methods can provide better insight into detecting changes in gait behavior as a consequence of 
STN-DBS.  
 
4.3 METHODS 
4.3.1 Subjects 
Eighteen individuals with idiopathic PD, who had bilateral STN-DBS for at least six months, 
prior to testing were recruited for participation (3 females, 15 males, mean age 62±9 years, mean 
duration of disease 13±4 years, Hoehn & Yahr score 2 or greater when off medication). 
Participants were excluded from the study if they had a history of stroke, exposure to toxins or 
neuroleptics, history of encephalitis, and neurological signs of upper motion neuron disease, 
supranuclear gaze palsy, or significant orthostatic hypotension. Antiparkinsonian medication and 
DBS stimulation were inactivated 12 hours prior to data collection. The data from eight subjects 
were not included in this analysis because either subjects were not able to complete the treadmill 
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walking data collection due to physical fatigue or there were missing marker data. Therefore, 
results from ten subjects (2 females, 8 males, mean age 59±10 years, mean duration of disease 
12±4 years) were reported in this study. The protocol was approved by the institutional review 
boards at the University of Florida and the University of Illinois, and informed consent was 
received for each participant. Experimental data were collected in the Department of Applied 
Physiology and Kinesiology at the University of Florida, under the supervision of Prof. 
Christopher Hass.  
 
4.3.2 Experimental Protocol 
Walking data were collected under two DBS test conditions (off vs. on). Participants walked for 
three minutes at their self-selected comfortable pace on a treadmill (Woodway, Eugene, OR) 
under each testing condition. The speed was determined based on the participant’s feedback on 
the speed they could walk without having to use additional support. A pre-test washout period of 
at least 12 hours off-medication was employed for both testing condition. The participants were 
asked to turn off their stimulators at least 12 hours prior to testing. Data from this trial are 
referred to as being collected during the OFF DBS condition. After completion of the testing for 
the OFF DBS condition, the DBS stimulators were then turned on and after a 10 minute rest, 
participants again walked on the treadmill for three minutes to generate the ON DBS data. 
Kinematic movement data were captured using a motion capture system at 120 Hz (Vicon Nexus, 
Oxford, UK). The timing between consecutive heel strikes for a given leg was defined as one 
gait cycle. Ankle, knee, and hip flexion/extension angular displacements and velocities were 
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determined for a consecutive 20 gait cycle window over each walking trial. This window was 
examined starting after at least the first 25 gait cycles of walking. A custom-written MATLAB 
program was used to perform all calculations (R2010a, The MathWorks, Natick, MA). 
 
4.3.3 Gait Assessment tools 
Gait kinematics were examined to assess the effects of bilateral DBS on symmetry, variability, 
complexity, and joint couplings using four assessment methods: Regions of Deviation (ROD) 
analysis (Shorter, Polk et al. 2008), variability and complexity of phase portraits (DiBerardino, 
Polk et al. 2010), and Condition Signature analysis (as described in Chapter 2), and traditional 
gait metrics. 
  
4.3.3.1 Regions of Deviation analysis  
Regions of Deviation (ROD) analysis identifies regions of the gait cycle where joint angular 
displacements deviated from normative behavior (Shorter, Polk et al. 2008). This analysis 
technique is used to evaluate deviations in symmetry between bilateral joints or deviation of an 
individual joint’s motion relative to healthy normative behavior. Thus ROD analysis consists of 
two assessments: Symmetry Regions of Deviation (SROD) and Individual Regions of Deviation 
(IROD). Both assessments quantify deviations in the given data that lay one standard deviation 
outside of the normative group mean. Data are analyzed at each point in the gait cycle after the 
time series data have been normalized to 100% gait cycle with 1% increments. Healthy 
normative gait patterns for the ROD analysis were based on previously collected gait data from 
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20 young male control subjects (23 ± 2 years) during three minute self-selected gait trials 
(DiBerardino, Polk et al. 2010).  
SROD analysis determines the magnitude and timing of when bilateral joint angle pairs 
demonstrate asymmetric behavior across the gait cycle.  For a given joint of a particular subject 
during a test condition, the deviation from healthy normative behavior of the angular difference 
between the left and right sides (i.e., left hip-right hip, left knee-right knee, etc.) was computed 
and expressed as the “SROD value” for each data point in a gait cycle. A negative value indicates 
a smaller value for the left side. Average SROD values for each bilateral joint pair were 
determined over the twenty consecutive cycles. 
Similarly, IROD analysis identifies the magnitude and timing of when the motion of a 
specific or individual joint (e.g., left hip, right ankle) deviates from expected healthy normative 
behavior. The amount of deviation was expressed as the “IROD value”.   
SROD and IROD values were computed for the two test conditions (ON DBS vs. healthy 
control, and OFF DBS vs. healthy control) and for each lower limb joint (ankle, knee, and hip).  
For each SROD or IROD data set, three parameters were determined: peak value, timing at peak 
value, and total ROD value (integral of the absolute value over the full gait cycle). Total ROD 
value provides insight into the total magnitude of ROD values throughout the full gait cycle. 
While peak ROD value indicates a maximal deviation in the gait cycle, total ROD value provide 
important insight into how subjects modulate their joint movements to minimize ROD values 
throughout the full gait cycle.  
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4.3.3.2 Complexity and Variability  
Planar phase portraits, which represent changes in joint angular position versus velocity over 
each gait cycle, are approximately elliptical shapes. Metrics to quantify the variability and 
complexity of phase portrait shapes over multiple gait cycles have been described previously 
(DiBerardino, Polk et al. 2010). Inter-cycle variability has been assessed by quantifying 
fluctuations of the phase portrait centroid over multiple gait cycles. Specifically, variability has 
been characterized by computing the drift and 95% confidence elliptical area generated by the 
excursion of the centroid over multiple cycles. To quantify the complexity of the motion pattern, 
we assessed the frequency content of the phase portraits. Using Fourier-based methods, the 
structure or complexity was quantified by the number of harmonic frequencies suitable for fitting 
a phase portrait shape. Phase portraits with a larger number of harmonics indicated motion 
patterns that require more harmonics to characterize its shape.  
 
4.3.3.3 Condition signatures  
Condition Signature Analysis (CSA, Chapter 2) (Park, Dankowicz et al. 2010) was used to 
examine coupling between twelve joint movements (angular displacements and velocities for the 
ankle, knee, and hip joints for both limbs). Ipsilateral and contralateral joint parameter pairs were 
examined to identify coupling and coordination patterns between conditions (ON vs. OFF DBS). 
Specifically, temporal cross-correlation was used to compare the shape and timing between all 
possible pairings of these joint parameters. For each cross-correlation, the maximum cross-
correlation and associated critical phase shift values (in units of % gait cycle (%GC)) were 
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recorded. A condition signature diagram was created that highlighted significant differences due 
to DBS condition (using paired t-tests with α=0.05) among maximal cross-correlation or critical 
phase shift values for each joint pairing. 
 
4.3.3.4 Traditional gait metrics  
The effect of STN-DBS use on gait behavior was also examined by looking at traditional gait 
metrics such as step length (SL), step width (SW), cycle times (CT), SL variability, SW 
variability, and CT variability (Danion, Varraine et al. 2003; Diop, Rahmani et al. 2004; 
Hausdorff 2004; Knoll, Kocsis et al. 2004; Owings and Grabiner 2004; Owings and Grabiner 
2004; Schwartz, Rozumalski et al. 2008). Step length was defined as the anterior-posterior 
distance between consecutive heel strikes of the legs. Step width was defined as the medial-
lateral distance between subsequent heel strikes of feet. Cycle time was defined as the time of 
one gait cycle, which is the timing between consecutive heel strikes for a given limb. Variability 
of these three parameters (SL, SW, and CT) was defined as the standard deviation over the 
consecutive 20 gait cycles for each trial.  
 
4.3.3.5 Statistical analyses 
Statistical analyses to examine the effect of STN-DBS use on joint variability, complexity, 
asymmetry, and traditional gait metrics were performed (SPSS Inc., Chicago, IL; v15). In ROD 
values, for each comparison, paired t-tests were conducted to determine whether there were 
significant changes in joint symmetry and movement between ON and OFF DBS conditions 
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relative to healthy normative. Paired t-tests were used to test for difference in complexity 
(Number of harmonics) and variability measures (Centroid swept area, Centroid drift) between 
ON and OFF DBS conditions. Paired t-tests were used to test for differences in traditional gait 
metrics (SL, SW, CT, SL variability, SW variability, CT variability) between ON and OFF DBS 
conditions. All tests were conducted using a significance level of α=0.0.5. 
 
4.4 RESULTS 
Few statistically significant differences (p < 0.05) in gait metrics were found as a consequence of 
STN-DBS stimulation. However, a number of non-statistically significant trends were observed. 
Regions of Deviation analysis found that, except for two IROD measures, there were no 
significant differences in symmetry and individual joint regions of deviation between ON or OFF 
DBS as compared to healthy normative behavior (Tables 4.1 and 4.2). The two significantly 
different IROD measures were peak value and total ROD value for the left ankle (p ≤ 0.03). The 
magnitude of these parameters, or amount of deviation from normative, was found to decrease 
with STN-DBS use. Similar, but non-statistically significant, trends were noted for the peak and 
total IROD measures for the right ankle and both knees. The total SROD values for all joints also 
suggested non-statistically significant trends, such that total ROD value decreased with STN-
DBS use. These results suggest improved symmetry across the gait cycle when the stimulator 
was used. 
The use of STN-DBS did not significantly change the complexity or variability of lower 
extremity joint phase portraits except for one variability measure (Table 4.3). Centroid drift for 
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the right knee joint was found to significantly increase with the use of STN-DBS (p=0.013).  
No consistent trends due to STN-DBS use were noted with other phase portrait variability or 
complexity metrics.   
The condition signature diagram found few differences in joint coupling behaviors 
between ON and OFF-DBS conditions (Figure 5.1). The maximum cross correlation values for 
pairings between left knee position or velocity and joint position for left and right hip were found 
to significantly change between conditions (black cells). Examination of the data found that the 
maximal cross-correlation values decreased from OFF to ON DBS in four out of five 
significantly changed cells (LK-LH: 0.93 vs. 0.87, respectively; LKv-LH: 0.63 vs. 0.52; LK-RH: 
0.93 vs. 0.86; LKv-RH: 0.63 vs. 0.52; LA-RAv: 0.58 vs. 0.68). There were only two significantly 
changed cells in the critical phase shift values, again this included relationships with the left knee 
(LK-RH: 38%GC vs. 36%GC; LK-LHv: 43%GC vs. 45%GC). 
Similarly, few differences due to STN-DBS use were noted with traditional gait metrics. 
There was a significant difference of SL and CT between DBS OFF and ON (p≤0.035). Step 
length increased with the use of DBS (OFF: 0.20±0.08 m, ON: 0.28±0.10 m). DBS also 
increased CT (OFF: 0.72±0.25 s, ON: 0.88±0.39 s). However, other traditional gait measures did 
not significantly changed with DBS use.  
Since gait assessment tools did not find noticeable improvement of gait behavior due to 
STN-DBS use, we checked whether these results were due to a small sample size. A power 
analysis was performed to compute the minimum sample size. Power can be defined as the 
probability of finding a real difference if it exists. A value above 80% is considered to be an 
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acceptable value for power. The results from power analysis suggest that ten subjects used in this 
study were enough (Table 4.5).   
 
4.5 DISCUSSION 
Similar to previous reports evaluating only spatiotemporal gait variables (Vallabhajosula 
2010), the new analysis methods used in this study found few if any significant differences in 
lower limb joint movement patterns due to STN-DBS use. We had initially hypothesized that 
these newer analysis techniques may be able to identify subtle changes in continuous gait 
behavior, whereas more traditional metrics found few or none. However, the results from these 
newer analysis techniques except CSA also indicate that joint movement and symmetry during 
gait of the PD group were similar under both conditions (OFF and ON DBS). These results 
suggest that STN-DBS intervention does not necessarily affect continuous, or post-initiation, gait 
behavior among people with PD in terms of complexity, variability, and symmetry of lower 
extremity joint variables. CSA found significant differences between different DBS conditions 
(OFF and ON DBS) in seven cells (five for maximal cross-correlation value and two for critical 
phase shift). 
The results from this study, which indicate lack of improvement with DBS use, were 
also observed in previous studies (Shivitz, Koop et al. 2006; Hausdorff, Gruendlinger et al. 2009). 
They reported that DBS did not improve the reaction time to a postural disturbance, and gait 
variability such as stride and swing time. In contrast to the advantage of DBS for alleviating 
other PD symptoms such as tremor, bradykinesia, and rigidity, gait performance did not 
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significantly improved with the use of DBS. DBS may not successfully affect the sensory-motor 
loop associated with continuous gait behavior. There could be distinct mechanisms that modulate 
continuous gait versus other PD symptoms in people with advanced PD. A number of studies 
have reported conflicting results for the optimal DBS setting (Wojtecki, Timmermann et al. 2006; 
Marconi, Landi et al. 2008; Moreau, Defebvre et al. 2008). Thus, further studies are necessary to 
examine the effects of various DBS settings on gait behavior.  
Although STN-DBS use did not significantly affect the Parkinsonian continuous gait 
behavior, it does not mean that DBS has no influence on Parkinsonian gait performance. Persons 
with PD commonly have difficulty with gait initiation. For the individual who stands stationary, 
gait initiation can be considered as a perturbation to body movement. In the current study, we 
only analyzed subjects’ continuous walking behavior on the treadmill after their gait initiation. 
Thus, although this study suggests that DBS use did not significantly affect continuous 
Parkinsonian gait behavior, further study is necessary to investigate how DBS affects perturbed 
Parkinsonian gait by applying any visual or external force disturbance.  
Another possible reason that we did not have notable significant differences or 
improvement when the STN-DBS stimulator was used may be due to the use of treadmill 
walking. Previous work suggests that treadmill walking can enable people with PD to walk with 
a less variable and more stable gait, i.e., in support of the idea that a treadmill can be used as a 
pacemaker (Hausdorff 2009). However, it still remains unclear how the fixed gait speed during 
treadmill walking affects Parkinsonian gait. Thus, further studies are necessary to demonstrate 
the nature of fixed treadmill gait speed and its effect on Parkinsonian gait dynamics. 
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Despite the lack of improvement with DBS use in terms of complexity, variability, and 
symmetry of gait behavior, CSA indicated significant joint coupling patterns between OFF and 
ON DBS conditions. Interestingly, five out of the seven significantly-changed joint couplings 
were associated with the left knee joint. In these five cells associated with left knee, three cells 
were for the maximal cross-correlation values and two cells in critical phase shift values (Figure 
4b). It is unclear whether theses joint coupling changes with DBS use imply improvement of gait 
behavior of people with PD. It is also difficult to prove a causal relationship between OFF and 
ON DBS conditions only using CSA. However, these seven significantly-changed cells might 
suggest an improvement in gait behavior due to DBS use. If further studies that examine joint 
couplings in Parkinsonian gait behavior do find a consistent pattern with these results, CSA can 
be used as a signature to characterize spatiotemporally complex joint coupling patterns for 
various types of gait behaviors. 
Our results suggest that STN-DBS intervention does not necessarily affect gait behavior. 
These results could be due to the use of treadmill walking, which can lead to reduced variability 
and a more stable gait in persons with PD (Hausdorff 2009). Although the results from this study 
suggest that STN-DBS use did not lead to notable improvement of continuous gait behavior, it 
does not indicate that DBS has no influence on Parkinsonian gait performance. Further study to 
examine the effect of external perturbation on Parkinsonian gait could provide more insight into 
the efficacy of STN-DBS for gait behavior. In addition, future study is necessary to verify 
changes in joint coupling patterns detected using CSA.         
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4.7 FIGURES AND TABLES 
 
 
 
Figure 4.1(a) The scheme of a condition signature diagram (Angular displacements; LH = left 
hip, LK = left knee, LA = left ankle, RH = right hip, RK = right knee, RA = right ankle, Angular 
velocities; LHv = left hip, LKv = left knee, LAv = left ankle, RHv = right hip, RKv = right knee, 
RAv = right ankle). (b) Resultant condition signature diagram showing significant differences 
between OFF and ON DBS conditions. Boxes shaded black indicate that there were statistically 
significant differences between the two DBS conditions across subjects (paired t-test p<0.05). 
White boxes indicate no differences in cell values.     
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Table 4.1 Mean (and standard deviation) values of symmetry region of deviation (SROD) 
measures for three bilateral joint pairs during OFF and ON DBS conditions.  
 
SROD measure (units) 
Hip Knee Ankle 
OFF DBS ON DBS OFF DBS ON DBS OFF DBS ON DBS 
Peak value (degree) 7.5 (4.6) 7.1 (4.6) 13.8 (6.8) 13.2 (5.6) 5.5 (2.3) 6.4 (2.3) 
Peak timing (% GC) 42.8 (29.8) 67.6 (31.3) 60.3 (29.7) 70.6 (23.9) 56.4 (34.4) 44.4 (37.6) 
Total SROD  
(degree∙% GC) 
332.9 (280.8) 284.6 (220.9) 649.0 (466.5) 568.6 (406.0) 253.4 (155.5) 252.9 (133.1) 
 
 
Table 4.2 Mean (and standard deviation) values of individual region of deviation (IROD) 
measures for each lower limb joint during OFF and ON DBS conditions.   
 
IROD 
measure 
(units) 
Left Hip Right Hip Left Knee Right Knee Left Ankle Right Ankle 
OFF 
DBS 
ON 
DBS 
OFF 
DBS 
ON 
DBS 
OFF 
DBS 
ON 
DBS 
OFF 
DBS 
ON 
DBS 
OFF 
DBS 
ON 
DBS 
OFF 
DBS 
ON 
DBS 
Peak value 
(degree) 
18.4 
(7.9) 
17.7 
(5.9) 
15.3 
(4.9) 
18.0 
(5.6) 
32.6 
(14.1) 
29.3 
(17.0) 
35.9 
(10.6) 
33.7 
(13.2) 
19.5* 
(4.6) 
16.4* 
(4.2) 
19.7 
(5.1) 
18.7 
(5.9) 
Peak timing  
(% GC) 
55.6 
(4.1) 
53.4 
(25.6) 
54.6 
(21.1) 
58.3 
(12.2) 
62.8 
(33.3) 
69.2 
(27.0) 
77.4 
 (8.2) 
66.8 
(22.2) 
58.5 
(24.8) 
51.0 
(29.8) 
64.4 
(19.1) 
60.7 
(24.5) 
Total IROD  
(degree∙% GC) 
853 
(424) 
958 
(463) 
684 
(330) 
938 
(393) 
1023 
(479) 
948 
(542) 
1043 
(542) 
982 
(548) 
720* 
(342) 
585* 
(249) 
830 
(227) 
715 
(234) 
* denotes significant difference (p≤0.03) between OFF and ON DBS conditions using paired t-
test 
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Table 4.3 Mean (and standard deviation) values of complexity and variability measures for lower 
limb joints during OFF and ON DBS conditions.   
 
Lower extremity 
joints 
Measure (unit) 
Left leg Right leg 
OFF DBS ON DBS OFF DBS ON DBS 
Hip 
Complexity  
(# harmonic) 
168 (26) 174 (31) 163 (20) 176 (22) 
Drift  
(Cartesian distance) 
1.38 (0.92) 1.42 (0.61) 1.39 (1.12) 1.39 (0.68) 
Area (rad
2
/s) 
0.0381 
(0.0658) 
0.0275 
(0.0244) 
0.0315 
(0.0501) 
0.0322 
(0.0394) 
Knee 
Complexity  
(# harmonic) 
177 (29) 180 (29) 169 (22) 167 (17) 
Drift  
(Cartesian distance) 
1.90 (2.39) 1.58 (0.61) 1.17* (0.55) 1.57* (0.39) 
Area (rad
2
/s) 
0.1105 
(0.2810) 
0.0344 
(0.0195) 
0.0308 
(0.0405) 
0.0359 
(0.0186) 
Ankle 
Complexity  
(# harmonic) 
240 (23) 236 (27) 247 (20) 232 (22) 
Drift               
(Cartesian distance) 
1.45 (1.28) 1.47 (0.92) 1.27 (0.85) 1.36 (0.51) 
Area (rad
2
/s) 
0.0299 
(0.0490) 
0.0289 
(0.0399) 
0.0239 
(0.0344) 
0.0215 
(0.0169) 
* denotes significant difference (p=0.013) between OFF and ON DBS conditions.  
 
Table 4.4 Mean (and standard deviation) values of traditional gait metrics for lower limb joints 
during OFF and ON DBS conditions. 
 
DBS 
Step Length 
(SL, m) 
Step Width 
(SW, m) 
Cycle Time 
(CT, s) 
Variability  
of SL 
Variability 
of SW 
Variability 
of CT 
OFF 0.20* (0.08) 0.12 (0.05) 0.72* (0.25) 0.04 (0.03) 0.02 (0.02) 0.08 (0.04) 
ON 0.28* (0.10) 0.12 (0.05) 0.88* (0.39) 0.08 (1.49) 0.03 (0.06) 0.15 (0.15) 
* denotes significant difference (p≤0.035) between OFF and ON DBS conditions.   
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Table 4.5 Power values (%) for SROD, IROD, complexity, and variability measures. 
 
SROD measure  Hip Knee Ankle 
   Peak value  96 96 99 
   Peak timing 99 99 89 
   Total SROD  93 94 97 
   
       
       IROD measure  Left Hip Left Knee Left Ankle Right Hip Right Knee Right Ankle 
Peak value  96 93 65 99 94 94 
Peak timing  95 99 91 99 71 95 
Total IROD  99 95 83 99 96 80 
       
        measure  Left Hip Left Knee Left Ankle Right Hip Right Knee Right Ankle 
Complexity  99 99 95 99 96 64 
Drift  93 87 97 98 99 96 
Area  98 94 98 98 99 99 
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CHAPTER 5 EFFECT OF LOAD CARRIAGE ON GAIT DUE TO FIREFIGHTING 
AIR BOTTLE CONFIGURATION
2
 
 
5.1 ABSTRACT 
The air bottle configuration (mass and size) used with a firefighter’s self-contained breathing 
apparatus (SCBA) may affect functional gait performance and slip/trip/fall risk, contributing to 
one of the most common and costly fireground injuries to this population. To examine the 
potential effect of bottle mass and size on firefighter gait performance, four 30-minute air bottle 
configurations were tested. To quantify biomechanical gait performance, kinetic and kinematic 
gait data were collected on 24 male firefighters while walking at normal and fast speeds during 
three conditions (no obstacle, 10 cm or 30 cm stationary obstacle). Bottle mass, obstacle height, 
and walking speed - but not bottle size - were found to significantly impact gait parameters. Ten 
subjects (42%) contacted the taller obstacle while wearing heavier bottles, suggesting greater risk 
for tripping. Heavier bottles also resulted in larger forces by the trailing leg in both the anterior-
posterior and vertical directions, suggesting greater risk for slipping. These results suggest that 
increased bottle weight may result in a decrease in gait performance and an increase in fall risk. 
 
Keywords: firefighting; self-contained breathing apparatus; ground reaction force; gait 
performance; obstacle crossing  
 
5.2 INTRODUCTION 
                                                 
2
 The material from this chapter appears in the following paper: Park, K., et al., Effect of load carriage on gait due 
to firefighting air bottle configuration. Ergonomics, 2010. 53(7): p. 882-891. 
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One of the leading causes of traumatic injuries among firefighters in the United States is falls and 
loss of balance on the fireground. These events lead to over 11,000 injuries per year or more than 
25% of all fireground injuries (Karter 2003; Karter and Molis 2008). Accidents due to falls 
typically account for the longest work absences for firefighters (Heineman, Shy et al. 1989; 
Cloutier and Champoux 2000; Ault 2002). In 2003, a study determined that the mean total 
worker’s compensation claim per slip, trip, or fall injury was $8,662, which is well above the 
mean of all claims - $5,168 (Walton, Conrad et al. 2003). Thus, slip, trip, and fall injuries are not 
only one of the most common, but also one of the most costly on the fireground.  
Firefighter stability and balance on the fireground can be influenced by their fire-
protective clothing system (Punakallio, Lusa et al. 2003; Sobeih, Davis et al. 2006). This 
clothing system typically consists of personal protective equipment (PPE) such as a coat, pants, 
boots, hood, gloves and helmet.  When firefighters enter an environment that may be 
immediately dangerous to life and health (IDLH), the PPE also includes a self-contained 
breathing apparatus (SCBA) that provides an external air supply. Firefighters are expected to 
wear their SCBA at each fire (more than 1.5 million fires occurred in the US in 2007 (Karter and 
Molis 2008)), and at investigations (smoke, odor, CO, false alarms). The typical components of a 
SCBA are a back mounted frame, air bottle, gauges, regulators, and a face piece.  
Wearing PPE with an SCBA has been found to negatively impact physical performance 
and balance (Louhevaara, Smolander et al. 1985; Kong, Beauchamp et al.). The addition of the 
SCBA has been shown to increase fatigue (Louhevaara, Smolander et al. 1985), reduce maximal 
exercising time and maximal inclined walking speed (Louhevaara, Ilmarinen et al. 1995), and 
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decrease postural and functional balance (Punakallio, Lusa et al. 2003). Heineman et al. (1989) 
found that continual use of SCBA significantly associated with fall occurrences among 
firefighters. It is not known, however, how specific aspects of the SCBA, such as the mass and 
size, contribute to balance and fall-related problems (Heineman, Shy et al. 1989).  
Fire departments generally struggle with the type of air bottle to choose, balancing 
expense with mass and size. Newer light-weight and compact air bottles made from composite 
materials have a higher cost of ownership (due to the more rigorous testing and rapid 
replacement schedules); however, older and less costly low pressure steel or aluminium designs 
are heavier and larger. The goal of this study was to examine whether the reduced mass and size 
of these composite bottles significantly improves mobility and reduces slip, trip and/or fall risk, 
thus potentially compensating for their increased cost.  
Gait stability has been found to be influenced by the weight of an externally carried load 
(Tilbury-Davis and Hooper 1999; Birrell, Hooper et al. 2007). In general, studies on gait and 
load carriage have shown that walking velocity decreases and double support time increases 
when individuals carry heavier loads (Singh and Koh 2009). To date, the influence of particular 
air bottle mass and configuration on firefighter gait performance has not been addressed. Based 
on past research it is expected that increasing the mass of the air bottle would lead to a decrease 
in gait performance (Tilbury-Davis and Hooper 1999; Lloyd and Cooke 2000; Birrell, Hooper et 
al. 2007). Thus, the first objective of this study was to examine the effect of different bottle 
masses on firefighter gait performance.  
Reducing bottle size generally decreases the mass of the bottle, but it also may result in a 
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shift in the magnitude and location of the center of mass of the whole body, which may lead to 
improved gait behavior. Lowering the center of mass of an external load decreases the moment 
arm from the load to the hip joint or moment of inertia about the hip joint, which in turn may 
reduce hip joint resistive moment. Inverse dynamic analysis has shown that greater hip joint 
moments result in higher ground reaction forces (Winter 2005). It has been hypothesized that 
lowering the center of mass of an external load might lead to reduced ground reaction force. 
However, to our knowledge, there have been no studies showing how changes in the center of 
mass of a carried load affect kinetic and kinematic parameters during gait. Therefore, the second 
objective of the present study was to explore the effects of different bottle sizes on firefighter 
gait performance.   
Two challenging gait conditions that could negatively affect firefighter gait performance 
are walking at a fast speed and walking over obstacles. Prior research has investigated slip and 
fall risk of firefighters during walking on a slippery surface (Punakallio, Hirvonen et al. 2005) 
showing that slip risk increased with walking speed. However, crossing or moving over objects 
is one of the most common origins of slip, trip, and fall injury on the fireground (Karter 2003). A 
decline in the ability to avoid obstacles may result in increased fall risk (Chou, Kaufman et al. 
2004; Weerdesteyn, Nienhuis et al. 2005). It is unknown how the SCBA air bottle configuration 
affects a firefighter’s obstacle crossing ability and fall risk.  
Therefore, the purpose of this study was to explore the effects of different bottle configurations 
(bottle mass and size) on gait performance, as assessed by kinetic and kinematic gait parameters, 
while walking over obstacles and at different walking speeds. We expected that reductions in 
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mass and size of the air bottle would improve gait performance, reduce likelihood of slips and 
trips, and reduce fall risk.  
 
5.3 METHODS 
5.3.1 Participants  
Twenty-four young male firefighters participated in this study (mean age 26 ± 5 years, height 
177 ± 8 cm, weight 86 ± 19 kg, and 5.6 ± 4.3 years (range 1-14 years) of firefighter experience. 
Ninety percent classified themselves as volunteer, and 10% as career. Since there were only two 
career firefighters among our subjects, all analyses were performed for all firefighters combined. 
No subjects reported any previous history of balance and gait impairments, neurological disease, 
or vision problems. Each subject signed an informed consent form approved by the university 
Institutional Review Board. All subjects completed the experiment successfully, but kinetic data 
from two subjects were not included in the analysis due to technical problems.  
 
5.3.2 Air bottle configurations  
Four 30-minute air bottles were tested (Figure 5.1). The aluminum bottle (AL - DOT# E6498-
2216, Scott) represented a commonly used and commercially available low pressure (2250 psi) 
design for a lifetime cylinder that is heavy and large. The carbon fiber bottle (CF - DOT# 
E10915-4500, Luxfer) represented current and commercially available light and small designs; 
however, these bottles (and associated refilling infrastructure) are typically more expensive, have 
limited service lifetimes, and require high pressure (4500 psi) compared to AL bottles. A high 
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pressure fiberglass bottle (FG - DOT# E8059-4500, ISI) with similar size as the CF bottle was 
constructed to have the same mass as the AL bottle, in order to examine the effect of mass only. 
To examine the effect of center of mass location, a fourth “redesign” (RD) bottle was constructed. 
The RD bottle was made from a high pressure 60-minute carbon fiber bottle (DOT# E10915-
4501, Luxfer) that was cut such that the final air volume and mass was similar to the CF bottle. 
This design resulted in the lowering of the RD bottle’s center of mass (COM) location relative to 
the CF bottle on the firefighter’s back by approximately 7.6 cm. Due to the larger diameter of the 
60-minute bottle versus the 30-minute bottle, the COM location moved slightly posterior by 
approximately 2.6 cm. Thus, the RD bottle provides a light, short design that sat lower on the 
back. This redesign was selected as it would require less retooling for air bottle manufacturers 
since a 60-minute diameter mandrel could be used to create shorter bottles. For this study, we 
used unpressurized bottles due to safety issues. Since unpressurized bottles have significantly 
reduced mass, we added the mass for 30 minutes of air (1.7 kg) into all four bottles. Steel rods 
were used to supplement the missing air weight (and added weight for the FG bottle). For each 
bottle, a rod of uniform cross section was screwed into the valve end of the bottle and aligned 
along the center line of the cylinder.    
 
5.3.3 Experimental procedure  
The participants walked along a 9.8 m walkway embedded with a 60 × 90 cm
2
 force plate 
(BP600900, AMTI). Subjects wore PPE with one of four SCBA bottles. Subjects were instructed 
to walk at either of two speeds (Normal “walk at a comfortable pace” or Fast “walk as fast as 
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possible without running”) and in obstacle trials step over the obstacle in the path. Three obstacle 
conditions were tested: no obstacle, 10 cm obstacle, and 30 cm obstacle. The lower height 
obstacle (10 cm) was representative of debris or a fire hose on the fireground. The 30 cm 
obstacle was designed to simulate a challenging balance situation but within the range that 
subjects were able to walk over well (Rosengren, McAuley et al. 1998). Both obstacles were 10 
cm in width and 113 cm in length, and were constructed using 1.5 cm diameter polyvinylchloride 
(PVC) pipe to create a stick-figure frame that would fall away if contacted to reduce the 
likelihood of falls during the study (Ramachandran, Rosengren et al. 2007). Two trials for each 
walking speed and obstacle condition were performed. Bottle configuration order was 
randomized. However, within each bottle configuration, obstacle condition order was always 
presented as no obstacle, 10 cm obstacle, and 30 cm obstacle. For the same obstacle condition, 
normal speed was presented first, and then fast speed. For each condition, practice trials were 
given to familiarize subjects with the various gait tasks (different speed and obstacle conditions). 
The starting position during practice trials was adjusted without the subject’s knowledge so that, 
for the no obstacle condition, one foot cleanly contacted the force plate during the natural course 
of gait. For the obstacle condition, the starting position was adjusted such that the trailing foot 
cleanly landed on the force plate. Ground reaction force data were sampled at 1000 Hz. Each 
subject wore his own bunker coat, pants, and boots assigned and fitted by his home department. 
Helmet (Lite Force Plus, Morning Pride) and SCBA pack (50i SCBA, Scott) were provided 
(Figure 5.2). The SCBA face piece and associated hose were not used during the experiment.  
Kinematic data were recorded from a 6-camera motion capture system (Vicon Motion 
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Systems, Oxford, UK; Datastation 460) at a sampling frequency of 100 Hz. Thirty-five markers 
were attached to the PPE, helmet, SCBA pack and bottle; however, only the heel and toe markers 
on the boot and the anterior superior iliac spine markers on left and right sides were used for this 
analysis. To recognize obstacle position, a marker was attached to each of the top corners of the 
obstacle.   
 
5.3.4 Data analysis  
Six kinematic parameters were collected using similar procedures as in (Ramachandran, 
Rosengren et al. 2007): overall gait speed (GS), time in single leg support while crossing the 
obstacle (SLST), anterior-posterior clearance from the obstacle of the trailing toe (HCT) and 
leading heel (HCL) at the time of the heel strike of the respective foot, and minimum vertical 
clearance of the trailing (VCT) and leading foot (VCL). Overall gait speed (GS) was calculated 
using temporal data for the midpoint of the anterior superior iliac spine markers on left and right 
sides over a distance of 3.5 m on the walkway. Single leg support time (SLST) was defined as 
the time period that the trailing limb was in single leg support while crossing the obstacle. For 
the no obstacle trials, SLST was estimated using the comparable foot placement steps near the 
obstacle position in the obstacle trials. The horizontal clearance for the trailing toe (HCT) was 
determined as the distance between the obstacle front and the toe marker on the trailing limb at 
the instant of the heel strike of the trailing foot. HCL was the distance between the obstacle back 
and the leading heel at the instant of heel strike of the leading foot. VCL and VCT were 
determined from the minimum distance out of four measurement combinations related to the 
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front or back top edge of the obstacle and the toe or heel of the given foot.  
Kinetic gait data consisted of ground reaction force (GRF) parameters of peak 
magnitude and impulse. These parameters provide insight into the mechanics of gait and forces 
acting on the foot (Barela, Stolf et al. 2006; Birrell, Hooper et al. 2007; Barela and Duarte 2008). 
These parameters were calculated either for the trailing foot during obstacle crossing trials or the 
foot that landed cleanly on the force plate during no obstacle trials. GRF peak magnitude and 
impulse were analyzed for the anterior-posterior, lateral and vertical directions. From the 
anterior-posterior and vertical GRF data, total peak force and total impulse over the entire gait 
cycle and also peak force and impulse during both early and late stance were calculated. Impulse 
is the integral of contact force with respect to time,   
, FdtI                             (5.1) 
where I is impulse, F is the contact force, and t is time. Therefore, impulse provides insight into 
the effect of both the magnitude of GRF as well as the duration of foot contact time. Both GRF 
peak magnitude and impulse parameters were normalized by subject’s body weight (mass of 
subject (kg) × 9.81 (m/s
2
)). 
The differentiation between early and late stance was defined from the breaking (heel-
strike) and propulsion (toe-off) portions of the anterior-posterior and the vertical GRF curve, 
respectively (Figures 5.3 and 5.4). The anterior-posterior GRF curve was divided into early and 
late stances based on the cross over time that force changes from anterior to posterior direction. 
In the vertical GRF, early and late stances were determined based on the local minimum of the 
data. Since there were no distinct points to determine early and late stance for the lateral GRF, 
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only total peak force and total impulse were recorded for the lateral GRF (Figure 5.5). Both 
kinematic and kinetic data used for the analysis was filtered using a forward-backward fourth-
order Butterworth filter with cut-off frequencies of 9 Hz for the kinematic data and 8 Hz for the 
kinetic data, respectively.  
 
5.3.5 Statistical analysis 
Statistical analyses of all outcome parameters were averaged over two trials per condition. 
Repeated-measures multivariate analysis of variance (MANOVA) tests examined whether bottle 
configuration, obstacle height, and walking speed affected the kinetic and kinematic parameters. 
Significance was determined at α = 0.05.  Least significant difference (LSD) post-hoc analyses 
were used to compare differences among significant treatments. Statistical analyses were run on 
SPSS (SPSS Inc., Chicago, IL; v15). 
 
5.4 RESULTS 
5.4.1 Kinematic parameters  
The bottle mass, but not size, was found to affect kinematic parameters (Table 5.1). The 
MANOVA tests on kinematic parameters indicated a significant main effect for bottle 
configuration on HCL (p=0.047) and a significant interaction effect for bottle × obstacle height 
for VCL (p=0.034) (Table 5.1).  Post-hoc tests revealed that the lighter CF bottle resulted in 
significantly longer horizontal clearance for the leading leg (HCL) than the heavier FG bottle. 
The interaction effect on VCL indicated that subjects wearing all bottles except the RD cylinder 
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had significantly lowered VCL when crossing the higher obstacle (30 cm) than the lower one (10 
cm). When participants wore the heavy and large AL bottle, they exhibited the greatest difference 
between the two obstacle heights (e.g., VCL was 15.8 ± 0.7 cm vs. 12.5 ± 0.8 cm for 10 cm vs. 
30 cm obstacle height). Overall gait speed and single leg stance time during obstacle crossing 
were not significantly influenced by bottle configuration. No significant interactions between 
instructed walking speed and bottle configuration were found. Main effects of instructed walking 
speed and obstacle height statistically affected (p < 0.05) all gait parameters except vertical 
clearances (Table 5.1). Significant interactions between instructed walking speed and obstacle 
height were found for GS, VCT and VCL (p ≤ 0.001). 
Ten subjects (42%) hit the 30 cm obstacle during the crossing step while wearing one of 
the heavier bottles (AL, FG). Seven of these subjects contacted the obstacle during both normal 
walking speed trials. Three of these seven also hit the obstacle during fast walking. Overall, the 
30 cm obstacle was contacted in 28 out of 384 trials (14%). Contact occurrence was even 
distributed between normal and fast speeds (14 trials each). On the other hand, no obstacle 
contact was observed for lighter bottles (CF, RD).  All obstacle contacts were made by the 
trailing foot. The 10 cm obstacle was not contacted during any condition. 
 
5.4.2 Kinetic parameters  
Similar to the kinematic results, bottle mass significantly affected kinetic parameters, while 
bottle size did not. The MANOVA on the kinetic parameters revealed that bottle configuration 
had significant main effects on anterior-posterior peak force and impulse and vertical peak force 
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in both early and late stance (Figures 5.6, 5.7 and 5.8, Table 5.2). Obstacle height significantly 
affected all kinetic parameters (p<0.001) such that all increased with increasing obstacle height. 
Fast walking speed significantly led to greater anterior-posterior and vertical peak GRF 
(p<0.005). In contrast, anterior-posterior and vertical impulse significantly decreased (p<0.005) 
with increasing walking speed except anterior-posterior impulse at early stance. Bottle × obstacle 
interaction effects were also found for anterior-posterior peak force and impulse at early stance, 
such that peak force and impulse increased with obstacle height and FG, followed by AL, had the 
greatest rate of increase. There were no significant differences in medial-lateral peak force and 
impulse due to bottle configuration. No significant effects on any kinetic parameters were found 
between the bottle conditions that had the same mass but different configuration. No significant 
interaction effects between walking speed and bottle configuration were found for any kinetic 
parameter. Significant interactions between instructed walking speed and obstacle height were 
found for anterior-posterior peak force and impulse at early stance (p ≤ 0.02).  
Peak GRFs in both anterior-posterior and vertical direction were greater for the heavier 
bottles (AL, FG) (Figures 5.6 and 5.7). Significant differences in early and late stance vertical 
peak forces were found between the light weight bottles (CF, RD) and the heavier and larger AL 
bottle (p < 0.001). Early, late and total maximum anterior-posterior peak force increased with 
increasing bottle mass, speed, and obstacle height (p<0.039, Table 5.2). Late stance anterior-
posterior impulses of the heavier bottles (AL, FG) were significantly greater than the lighter 
bottles (CF, RD) (p<0.001, Figure 5.8). 
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5.5 DISCUSSION 
In this study, kinematic and kinetic gait parameters were examined to explore the effect of 
firefighter SBCA bottle configuration (bottle mass and size) on gait performance while walking 
over obstacles and at different walking speeds. We also hypothesized that reductions in mass and 
size of the air bottle would improve gait performance, which in turn may lead to a reduced 
likelihood of slips and trips and reduced fall risk. The clearest finding from this study was that 
gait performance of firefighters was strongly influenced by the mass of their SCBA air bottle. In 
particular, use of the heavier bottles (AL, FG) resulted in reduced obstacle clearance with 
occasional obstacle contact, and larger vertical and anterior-posterior peak forces and impulses 
when compared to the lighter bottles (CF, RD).  
 
5.5.1 Kinematic analysis 
One of the most striking results was that ten out of 24 subjects (42%) hit the taller (30 cm) 
obstacle with their trailing foot at least once while wearing a heavier bottle (AL, FG). None of 
the subjects made contact with the obstacle while carrying the lightweight bottles. In addition, a 
significant bottle × obstacle interaction effect for vertical clearance for the leading limb 
(p=0.034) also suggested that VCL was smallest while wearing the heavier AL bottle and 
crossing the 30 cm obstacle (VCL = 12.5 ± 0.8 cm). The mean VCL for the 30 cm obstacle was 
smaller than for the 10 cm obstacle (13.3 cm vs. 15.5 cm). Instructed walking speed (normal, 
fast) had no effect on vertical clearance or likelihood of contacting the obstacle. Although 
obstacle contact only occurred with the trailing foot, no statistical difference in vertical clearance 
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of the trailing limb was found with respect to bottle configuration (p > 0.05); however, non-
significant trends suggest that use of heavier bottles associated with smaller clearances and 
greater variability in VCT (Table 5.1). Thus, during trials with heavier bottles, subjects may have 
held their trailing foot slightly lower and with less control than with lighter bottles. Another 
potential explanation for why VCL showed a significant interaction effect and VCT did not may 
be attributed to the presence of visual feedback to assist in controlling the location of the lead 
foot. Subjects could look at their leading limb when crossing over the obstacle, so they would be 
able to adjust their lead leg clearances more effectively than their trailing limb. Since they must 
move their trailing limb without any visual information, subjects tended to lift their trailing limb 
higher but with less control such that the mean values and standard errors were greater for VCT 
than VCL (Table 5.1). These findings are important because they suggest that carrying a heavier 
bottle may place a firefighter at greater risk for a trip and a fall, particularly when crossing over 
challenging obstacle. 
 
5.5.2 Kinetic analysis 
Significant differences in both anterior-posterior and vertical peak forces were found between the 
lighter bottles (CF, RD) and the heavier bottles (AL, FG) (Figures 5.6 and 5.7, Table 5.2). 
Wearing the heavier bottles (AL, FG) resulted in a 4.8% greater anterior-posterior peak GRF at 
both early and late stance compared to the lighter bottles (CF, RD). Similarly, greater vertical 
peak GRFs were noted with the heavier bottles (AL, FG) than the lighter bottles (CF, RD). 
Participants wearing the heavier bottles (AL, FG) produced an increase in vertical peak GRF by 
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3.9% at early stance and 4.4% at late stance. Increased walking speed also resulted in greater 
anterior-posterior and vertical peak forces (Table 5.2). Medial-lateral GRF parameters, however, 
were not significantly affected by bottle mass, a finding that is supported by previous studies 
(Kinoshita 1985; Lloyd and Cooke 2000). Our results support previous load-carriage studies 
reporting that vertical and anterior-posterior GRF increased proportionally with increasing 
carrying load weight (Kinoshita 1985; Lloyd and Cooke 2000; Birrell, Hooper et al. 2007). As a 
side study, kinetic parameters were also normalized by the combination of subject weight plus 
bottle weight. No significant differences due to bottle configuration were found for these 
parameters. These results support that the observed differences in peak GRF and impulse when 
normalized only by body weight were due to the addition of bottle mass.  
There were no significant differences between CF and RD, which have the same weight 
but different bottle size. These results suggest that reducing the bottle height, which lowered the 
location of center of mass, had little effect on the measured gait parameters when compared to a 
commercially-available light weight bottle (CF). The redesigned bottle was made to have 
reduced height thus lowering the location of the vertical COM. However, at the same time the 
diameter of the bottle increased due to modifying a larger off-the-shelf 60 minute bottle and the 
need to satisfy the specification of providing enough volume to provide 30 minutes of air; thus 
the horizontal location of the bottle COM was more posterior than the other bottles. A possible 
reason for why bottle size had little effect on the gait parameters might be due to the effect that 
the posteriorly increased bottle COM might lessen the advantage of vertically lowering the bottle 
COM. Our initial hypothesis was that lowering the center of mass of the bottle would decrease 
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the moment arm from the load to the hip joint, which could result in decreased hip moment. 
However, this assumption is only valid when subjects do not maintain their upper body upright 
during gait (i.e., the moment arm decreases as long as the subject is leaning forward or backward 
– otherwise while standing upright the added load just moves down vertically along the line of 
action and the hip to load moment arm remains the same). Because the RD bottle COM also 
moved posteriorly, the overall moment arm of the load to hip will not decrease as much as 
expected if only the height of the bottle COM was decreased. Thus the required hip moment to 
compensate for the added (short but wide) load will be greater than a case where only the bottle 
became shorter. These increased hip moments and associated joint reaction forces would then 
result in greater ground reaction forces than initially expected. In such case, this design resulted 
in no significant changes in the ground reaction forces as compared to the taller and thinner CF 
bottle.  
The shorter bottle (RD) however may have an advantage when a firefighter confronts an 
overhanging obstacle. When a firefighter tries to avoid an overhanging obstacle by lowering the 
head and upper body, the shorter length of the RD bottle may make it less likely to hit an 
overhanging obstacle. Further study is necessary to determine if there is additional merit in 
developing a short and light weight SCBA bottle. 
The larger peak forces due to increased bottle mass could be a cause of concern for 
increased risk for slipping and lower limb injury. Previous studies reported that the magnitude of 
anterior-posterior force at heel contact increases with higher heel contact velocity that was 
considered to increase the risk of slip-induced falls (Perkins 1983; Mills and Barrett 2001). 
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Others have reported that a slip would initiate whenever the anterior-posterior force was greater 
than the frictional force (Hanson, Redfern et al. 1999; Lockhart and Kim 2006). In order to 
prevent a slip, horizontal ground reaction forces must be less than the static frictional force. 
Recall that static frictional force is the product of the static coefficient of friction (COF) and 
vertical ground reaction force. Given that the COF between rubber and wet asphalt has a range of 
0.25 to 0.75 (Cobb 2008), a range for frictional forces can be derived from the observed peak 
vertical forces. Peak vertical forces were larger in early stance and smaller in late stance (Figure 
5.7, Table 5.2). We also noted that during early stance, larger anterior-directed forces were found 
for heavier bottles. Similarly, during late stance, even larger posterior-directed forces were found 
(Figure 5.6, Table 5.2). Therefore to determine the smallest slip threshold between static 
frictional force and observed horizontal force, we will examine peak vertical forces and peak 
posterior-directed forces during late stance. Noting that the peak vertical forces reported in Table 
5.2 are normalized as percent body weight, then the smallest values for the frictional force (= 
0.25 (COF) × Fz) for the heavier AL bottle in late stance was 0.410 %BW, while the frictional 
forces for the lighter CF bottle was 0.398 %BW. By comparing these frictional forces to actual 
peak posterior values observed during late stance (0.381 and 0.365 %BW, respectively; Table 
5.2), the difference between the frictional and posterior-directed forces was smaller for the 
heavier AL (0.029 %BW) than the lighter CF (0.033 %BW) bottle. These results suggest that 
carrying the AL bottle has greater risk of slipping than the lighter CF bottle since the heavier 
bottle resulted in forces closer to the threshold for slipping. Note that this experiment was 
conducted in the laboratory setting, and subjects walked on the hardwood floor. During the entire 
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experiments, there was no slip accident. However, given the wet and slippery environment of the 
fireground, these larger horizontal forces could put the firefighter wearing a heavier SCBA at 
greater risk for either a backward slip during early stance or a forward slip during late stance. 
Further, excessive GRFs, especially vertically directed, are a major risk factor for 
musculoskeletal (overuse) injuries to the lower extremity (Cavanagh and Lafortune 1980; Birrell, 
Hooper et al. 2007). Therefore, the larger peak vertical forces associated with wearing heavier 
bottles may also put firefighters at greater risk of lower extremity injuries.  
Increase in bottle mass also resulted in larger anterior-posterior impulse at both early and 
late stance (Figure 5.8). Moreover, a significant difference between AL and FG bottles in early 
stance was observed. The magnitude of the impulse will be greater due to an increase in the 
duration of the foot contact as well as an increase in GRF. Since there was no significant 
difference of anterior-posterior peak force in early stance between AL and FG, this difference in 
impulse might be due to longer time in early stance. Longer early stance time when wearing the 
FG bottle might be due to subjects’ unfamiliarity with the FG bottle, which was artificially 
constructed for the current study to have the same mass as the AL bottle. Unexpected longer time 
in early stance might be associated with difficulty in braking their foot. Recognizing that the 
majority of falls occur during the heel contact phase of gait cycle (Hanson, Redfern et al. 1999; 
Lockhart and Kim 2006), insufficient control of foot braking might be related to increased fall 
risk.  
 
5.6 CONCLUSION 
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In conclusion, increasing load carriage weight from heavier SCBA air bottles resulted in reduced 
gait performance. That is, when the firefighters were wearing the heavier bottles, they exhibited 
greater likelihood of contacting a tall and challenging obstacle, reduced obstacle clearance, and 
greater forces between the trailing foot and ground while crossing an obstacle. The difference of 
bottle size between CF and RD (effectively lowering the bottle center of mass along the back) 
had little effect on the measured gait parameters. Increasing obstacle height and walking speed 
also increased both anterior-posterior and vertical peak forces.  
An important implication of this study is that firefighters need to be cognizant of how their 
PPE may affect their gait performance, especially in challenging environments. At the same time, 
these results should be considered when fire departments make future PPE purchasing decision. 
Carrying a heavier SCBA may increase the risk of tripping over obstacles (as shown by the 
increased obstacle contacts and smaller obstacle clearances) and place firefighters at greater risk 
for slipping on wet or icy surfaces (due to larger contact forces), potentially resulting in one of 
the most common and costly injuries on the fireground. 
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5.8 FIGURES AND TABLES 
 
 
 
 
Figure 5.1 Air bottle dimensions (cm) and masses for Aluminum (AL), Fiberglass (FG), Carbon 
fiber (CF), and Redesigned (RD) bottles. Length dimensions are measured from the pack 
attachment clip on the bottle regulator to the tip of the bottle. 
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Figure 5.2 Standard personal protective equipment (PPE) with a self-contained breathing 
apparatus (SCBA) 
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Figure 5.3 Kinetic gait parameters for vertical ground reaction force as a percentage of body 
weight. 
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Figure 5.4 Kinetic gait parameters for anterior-posterior ground reaction force as a percentage of 
body weight (Data used for this figure were the no-obstacle trials at normal speed of one subject) 
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Figure 5.5 Kinetic gait parameters for lateral ground reaction force as a percentage of body 
weight. 
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Figure 5.6 Anterior-posterior peak force at early and late stance. Error bars are based on pooled 
within cell variance. Capital letters denote significant difference from indicated bottle 
configuration (Carbon fiber (CF), Redesigned (RD), Aluminum (AL), and Fiberglass (FG)) 
(p<0.05).   
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Figure 5.7 Vertical peak forces at early and late stance.  
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Figure 5.8 Anterior-posterior impulse at early and late stance.  
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Table 5.1 Kinematic Gait Parameters. Values represent mean (standard deviation).  
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Table 5.2 Kinetic Gait Parameters. Values represent mean (standard deviation). The units of peak 
GRF and impulse are the percentage of body weight and the percentage of body weight × second, 
respectively.  
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CHAPTER 6 ASSESSING GAIT CHANGES IN FIREFIGHTERS DUE TO FATIGUE 
AND PROTECTIVE CLOTHING
3
   
 
6.1 ABSTRACT 
Each year, roughly 11,000 firefighters are injured as a result of slips, trips and falls, which 
account for over 25% of all fireground injuries. Wearing personal protective equipment (PPE) 
can increase risk of fall-related injuries due to its weight, restrictiveness, and increased heat 
stress. Modification of PPE may serve to mitigate firefighter injuries related to loss of balance 
and falls. We examined the effects of choosing ‘enhanced’ protective clothing (lightweight, 
breathable, and less restrictive compared to typical firefighting PPE) and simulated firefighting 
tasks (18-minute bout over four activities) on subsequent gait performance. To assess the effect 
of wearing protective clothing and firefighting activity, seven gait parameters and three 
movement errors were assessed during level and obstacle-crossing walking tasks. Forty-four 
firefighters wore one of two types of PPE (‘Standard’, ‘Enhanced’) during three testing 
conditions (baseline in station uniform, pre-firefighting activity in PPE, and post-firefighting 
activity in PPE). The effect of donning any PPE was found to significantly impair gait 
performance. Fatigue may impact effective mobility since more movement errors were observed 
during post-activity than pre-activity assessments. Although the Enhanced PPE did not lead to 
any significant differences in gait parameters compared to Standard PPE, participants in 
Enhanced PPE made twice as many movement errors, potentially attributed to lack of familiarity 
with the gear. These results suggest that wearing firefighting PPE and heat-stress induced fatigue 
                                                 
3
 The material from this chapter appears in the following paper: Park, K., et al., Assessing gait changes in 
firefighters due to fatigue and protective clothing. Safety Science, 2011. 49(5): p. 719-726. 
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are associated with reduced gait performance and increased risk for tripping over obstacles.  
 
Keywords: firefighting; personal protective equipment; gait performance; obstacle crossing  
 
 
6.2 INTRODUCTION  
Firefighting is an extremely hazardous occupation, resulting in approximately 80,000 
occupational injuries per year, roughly half of which occur on the fireground (Karter 2003; 
Karter and Molis 2009). Each year, one of the leading categories of firefighter injury is slips, 
trips and falls (STF). These events resulted in over 11,000 injuries per year on the fireground, or 
more than 25% of all fireground injuries (Karter 2003; Karter and Molis 2008). These injuries a
re more common than burns, smoke inhalation, contact injuries, and overexertion/strain in
juries. Furthermore, while many responses do not involve fires and associated risks for b
urns and smoke inhalation, STF-related events remain a frequent cause of injury in all e
mergency operations. Accidents due to falls have also been found to result in the longest work 
absences for firefighters (Cloutier and Champoux 2000). In a 2003 study, the average total wor
ker’s compensation claim per STF injury was $8,662, which is well above the mean of 
all claims - $5,168 (Walton 2003). These data indicate that sufficient mobility and balance 
abilities are important for safety and efficient work performance in the firefighting occupation. 
Firefighters wear personal protective equipment (PPE) that typically consists of coat, 
pants, boots, hood, gloves and helmet on nearly all fire or rescue-related emergency responses 
and during training. When on the fireground or in an environment that is immediately dangerous 
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to life and health, firefighters also wear a self-contained breathing apparatus (SCBA) that 
provides an external air supply. PPE including SCBA serves to protect firefighters from burn and 
inhalation injuries in hot and hostile environments.  
The use of this PPE, however, may contribute to fall-related problems due to increased 
fatigue rate, reduction in flexibility and mobility, and changes in firefighters’ center of gravity 
(Punakallio, Lusa et al. 2003; Park, Hur et al. 2010). PPE also adds to the metabolic work that 
must be performed, and interferes with heat dissipation because of encapsulation. Thus, PPE may 
compound issues related to heat stress (Smith, Petruzzello et al. 1995; Smith and Petruzzello 
1998). A number of previous studies have shown that wearing PPE with SCBA leads to 
decreased functional performance as measured by decreased walking speed, increased 
cardiorespiratory strain, and increased risk for tripping and slipping (Louhevaara, Tuomi et al. 
1984; Louhevaara, Smolander et al. 1985; Louhevaara, Ilmarinen et al. 1995; Kincl, 
Bhattacharya et al. 2002; Park, Hur et al. 2010). Further, other studies have shown that the 
specific design of firefighting PPE can influence thermal and cardiovascular strain in a 
laboratory setting (Smith, Petruzzello et al. 1995) and the time to complete a firefighting task 
during a live-fire training evolution (Smith and Petruzzello 1998). The results from these studies 
indicate that the fire service must focus on understanding the etiology of STF events on the 
fireground. 
Modification of existing PPE may serve to mitigate firefighter injuries related to loss of 
balance and falls. The typical PPE worn by most U.S. firefighters is relatively heavy with 
relatively low breathability. For this study, an Enhanced PPE that is relatively light and provided 
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less thermal insulation was developed by project partners Total Fire Group and International 
Personel Protection Inc. in consulation with the authors and compared to Standard PPE currently 
worn by many US firefighters. Both ensembles met current US guidelines (NFPA 1971) for 
thermal protection for structural firefighting gear. 
Further, while fighting a fire, heat stress and the resulting elevation in body temperature 
has a myriad of effects on the human body, most notably: hastening the onset of muscular fatigue, 
promoting dehydration, increasing cardiovascular strain, and interfering with cognitive function 
(Rowell 1974; Smith, Dyer et al. 2004). Heat stress leads to the early onset of muscular fatigue 
and hence may be a contributing factor to these injuries through changes in the firefighters’ 
biomechanics associated with walking. Thus it is also necessary to understand how heat stress 
due to strenuous firefighting activity combined with PPE design affect mobility and STF risk. 
The goal of this study was to assess the effect of firefighting PPE and simulated strenuous 
firefighting activity on mobility, balance, and gait. Specifically, we investigated changes in gait 
parameters due to (a) the use of PPE, (b) different PPE configurations (Enhanced and Standard 
PPE), and (c) 18 minutes of strenuous firefighting activities.  
 
6.3 METHODS 
6.3.1 Participants 
We tested 59 male, relatively young, firefighters. Participants were randomly assigned to a 
control (n = 29) or intervention (n = 30) group. However, data from 15 subjects were not 
included in the analysis because either subjects were not able to complete the post-firefighting 
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data collection due to physical fatigue (n = 1) or there were technical issues (computer problem 
associated with the gait mat) leading to loss of data (n = 14). Therefore, results from 44 
firefighters (21 control, 23 intervention) were reported in this study (Table 6.1). All subjects were 
healthy, and none reported any history of balance and gait impairments, neurological disease, or 
vision problems. Each subject signed an informed consent, and the study was approved by the 
University of Illinois institutional review. 
 
6.3.2 Experimental procedure  
The control group (Standard) wore PPE similar to that currently used by firefighters in the 
United States. The Standard PPE included bunker gear with a spun Nomex® lining, a Kevlar® 
fully-encapsulating hood, leather gloves with a Kevlar® wrist gauntlet, rubber boots and a 
traditional style helmet (Figure 6.1). The average weight of the Standard PPE was 11.1 kg. While 
the fully-encapsulating hood is not the most common type of hood currently used, it does provide 
the highest level of encapsulation and thus was chosen as a relative worst-case scenario for the 
development of heat stress. The intervention group wore Enhanced PPE. The Enhanced PPE was 
relatively light and provided less thermal insulation than the Standard PPE. It was designed to 
reflect some of the lightest PPE available that meet current NFPA standards, along with some 
novel design elements that may be brought to market in the near future. The Enhanced PPE 
included bunker gear with an Indura® FR cotton lining, a Nomex® hood, a low profile helmet, 
leather gloves, and lightweight leather boots. On average, a full set of Enhanced PPE weighed 
9.5 kg. The Enhanced PPE also included a novel design element that circulated exhaled air from 
113 
 
 
the firefighter face piece to the coat’s inner lining to create air movement inside the gear and 
potentially to assist with heat dissipation by providing a means for evaporative cooling within 
fully encapsulating PPE (Figure 6.1). Both sets of PPE were designed and manufactured by Total 
Fire Group (Dayton, Ohio) with consultation by International Personnel Protection, Inc. (Austin, 
Texas). Both groups wore the same SCBA system which weighed an additional 9.5 kg – 
aluminum frame pack (50i SCBA, Scott) with 4500 psi 30 minute carbon fiber air cylinder (e.g. 
DOT # E10915-4500, Luxfer).  
To assess the effect of wearing PPE and the effect of firefighting activity on gait, 
firefighter performance was evaluated at three timepoints: (1) Baseline (station uniform - t-shirt, 
jeans or long pants, and personal footwear), (2) Pre-activity (wearing PPE over the station 
uniform prior to a simulated firefighting activity), and (3) Post-activity (wearing PPE over the 
station uniform immediately after the simulated firefighting activity). The firefighting drills were 
designed to provide realistic firefighting scenarios and were developed in consultation with the 
Illinois Fire Service Institute (IFSI) Firefighting Program staff. The drills consisted of 18 minutes 
of alternating work-rest cycles (2 minute intervals) that included four simulated firefighting 
activities: climbing stairs, forcible entry, searching a room, and advancing a hose line, and were 
performed during live fires in a burn tower at IFSI. Post-activity testing occurred within 1-2 
minutes after completing the simulated firefighting activity. 
 For the gait assessment, subjects walked on an 8 m instrumented gait mat (GAITRite 
Platinum, CIR Systems Inc., Havertown, PA; Figure 6.2). This mat provides timing and pressure 
measurements along a 61 cm (W) × 792 cm (L) active area grid with sensors placed on 1.27 cm 
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centers. An obstacle condition designed to simulate a common trip and fall hazard that may be 
encountered on the fireground was used for half of the trials. For these conditions, a 10 cm (W) × 
113 cm (L) x 30 cm (H) obstacle made of light weight plastic piping, was placed in the middle of 
the gait mat. Subjects started 305 cm (10 ft) in front of the leading edge of the mat. They were 
instructed to look straight ahead (except to look down when crossing the obstacle) and walk 
either at their comfortable pace (Normal) or as fast as they could without running while being 
safe (Fast). Subjects were instructed to stay within the lines (the width of the path: 61 cm) 
designating the walkway. They continued walking at this pace until they crossed a line 305 cm 
past the mat. Subjects then repeated the procedure as they walked back along the mat in the 
opposite direction. Participants completed two trials in each of the different gait speeds (Normal, 
Fast) and obstacle conditions (None, Obstacle) for a total of 8 trials per test period (baseline, pre-
activity, post-activity). Presentation order of speed × obstacle condition were randomized 
between subjects, but remained consistent for a subject per test period. During all trials, two 
investigators were assigned to record occurences of movement errors. Additional investigators 
monitored the health of the firefighters at all times to determine if the procedures should be 
halted due to fatigue (n = 1).  
 
6.3.3 Data analysis  
Seven gait parameters were collected from the gait mat (Figure 6.3): 1) average gait speed 
(average GS), 2) average step length (average SL), 3) average step width (average SW), 4) 
average single leg stance time during no obstacle trials (SLST_cycle), 5) single leg stance time 
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while crossing the obstacle (SLST_cross), 6) horizontal clearance between the obstacle and heel 
of the leading limb (HCL), and 7) horizontal clearance between the obstacle and toe of the 
trailing limb (HCT). Average GS, average SL, and average SW were calculated for all steps on 
the mat. Average GS, average SL, and average SW parameters from five subjects (control group 
= 4, intervention group =1) were not included in the analysis due to intermittent missing footfall 
data on the gait mat. Single leg stance time refers to the time in single leg support of the trailing 
foot (i.e., swing time of the leading foot). Horizontal clearance of the leading limb (HCL) was 
calculated as the distance between the obstacle and the heel of the leading foot at the instant of 
heel strike of the leading foot. Similarly, horizontal clearance of the trailing foot (HCT) was 
calculated as the distance between the obstacle and the toe of the trailing foot at the instant of 
toe-off of the trailing foot (Figure 6.4). Additionally, single leg stance time for no obstacle trials 
(SLST_cycle) was defined as the average time (in % gait cycle) in single leg support for all steps 
on the mat. For obstacle trials, single leg stance time (SLST_cross) was defined as the time (in 
seconds) in single leg support of the trailing foot while crossing the obstacle. For each condition, 
performance over the two trials was averaged for each of the gait parameters.  
 Additionally, for all trials, ‘movement errors’ during gait were recorded. The gait ‘errors’ 
were classified into three categories: out-of-line (stepped outside of the active grid area on the 
mat at any point), obstacle fell (the obstacle fell over), and obstacle touch (contacted the obstacle, 
but it did not fall). These movement errors could indicate potential safety issues related to 
tripping over permanent structures or falling from a designated walkway.  
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6.3.4 Statistical analysis  
6.3.4.1 Gait parameters 
To examine the effects of PPE group, testing condition, instructed gait speed and obstacle 
presence on average GS, average SL, and average SW, a four-way multivariate analysis of 
variance (MANOVA) was performed. To examine the effect of group, test period, and instructed 
gait speed on the gait parameters SLST_cycle, SLST_cross, HCL, and HCT, a series of repeated-
measure MANOVA tests were performed. To assess how SLST_cycle (for no obstacle trials) and 
SLST_cross (for obstacle trials) were affected by PPE group, testing condition, and instructed 
gait speed, three-way ANOVAs were conducted for two variables, respectively. For obstacle 
trials, a three-way MANOVA also was used to examine how PPE group, testing condition, and 
instructed gait speed affected HCL and HCT. For each MANOVA, follow-up univariate 
ANOVAs were performed on significant dependent variables and LSD (Fisher's least significant 
difference) were used for post-hoc comparisons. The significance level was set to  = 0.05 for all 
analyses. Statistical analyses were run on SPSS (SPSS Inc., Chicago, IL; v12). Results of the 
analyses of gait and clearance parameters normalized by subject’s leg length were similar to 
those obtained with non-normalized data; therefore, the non-normalized results are reported. 
 
6.3.4.2 Movement errors 
To examine the effects of PPE group, testing condition, instructed gait speed and obstacle 
presence on the number of movement errors, Poisson regression was used. In Poisson regression, 
which is designed specifically for count data, the log of the mean of the response variable is 
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predicted from a set of predictors. For this study, the response variable is the total number of 
errors (sum of obstacle touch, obstacle fell, and out-of line). To include the data into one model, 
the increase in mean number of errors in pre- and post-activity conditions from the baseline 
condition was modeled by subtracting off each subject's baseline number of errors from the 
number of errors in the other two conditions. In a few cases where subjects (nstandard = 2, nenhanced 
= 3) had more errors in the baseline condition than either of pre- or post-activity, the negative 
difference score was replaced with a zero since Poisson regression is only meant for nonnegative 
integers. This is acceptable because we are modeling the increase from baseline as the mean 
number of errors, so replacing the negative number with a zero still corresponds to no increase 
(no effect). 
 The additive model for this design was 
        2211)(l o g XX             (6.1) 
where  


 

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
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otherwise
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otherwise
typegearenhancedif
X
0
1
,
0
1
21  
In this model,  represents the increase in the mean number of movement errors relative to 
baseline, α represents the increase from baseline in (the log of) the mean of the number of errors 
in the pre-activity condition while wearing Standard gear. Thus, if β1 significantly differs from 
zero, this represents a significant difference between Standard and Enhanced gear. Likewise, if β2 
significantly differs from zero, this represents a significant difference between pre- and post-
activity. 
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6.4 RESULTS 
The MANOVA tests revealed significant main effects for testing condition, instructed speed, and 
obstacle presence, but not PPE type, on several gait parameters (Table 6.2). Testing condition had 
a significant main effect on average gait parameters (p≤0.008). Donning PPE (pre-activity 
period) resulted in significantly slower speed (average GS), shorter step lengths (average SL), 
and larger step widths (average SW) compared to only wearing station uniform (baseline); 
however, physical activity (pre- vs. post-activity) had no effect on gait behaviors (Table 6.2, 
Figure 6.5). Results from the MANOVA and univariate ANOVA for type of PPE suggested a 
significant difference in step width due to gear (p=0.001). However upon review of the data 
(Figure 6.5f), it was found that the Enhanced gear group used significantly narrower stance 
widths even during their baseline trials when they were not in PPE (p = 0.004 per t-test). After 
adjusting for baseline stance width, no significant difference was found due to PPE type (p = 0.6 
per ANOVA). Participants with Enhanced gear displayed non-statistically significant trends 
(Figures 6.5d, e) towards longer step lengths (p=0.31) and faster gait speed (p=0.17) compared 
to Standard gear, especially during the post-activity condition. 
Several other important interaction effects were noted for these gait parameters including 
period × speed (p<0.001) and speed × obstacle (p<0.001) for average GS and average SL. 
Average GS at the “fast” pace significantly decreased with donning PPE, while average GS at the 
“normal” pace remained nearly constant (Figure 6.5a). Firefighters walking at the “fast” pace 
also significantly increased the average SL, and the change in average SL was greater at “fast” 
pace than at “normal” pace (Figure 6.5b). However, the instructed speed did not affect the 
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average SW. When crossing the obstacle, subjects decreased their speed, increased step length 
and increased step width (Table 6.2). Additionally, there was a significant interaction effect for 
period × obstacle (p=0.032) for average GS, such that subjects used much slower speeds during 
the obstacle condition at pre- and post-activity compared to the baseline condition.  
 The testing condition and instructed speed affected single leg support time and 
horizontal clearance from the obstacle (Table 6.3). For no obstacle trials, single leg support time 
as a percentage of gait cycle (SLST_cycle) decreased, or stance time increased, with all activity 
levels from baseline to pre-activity and post-activity. A significant interaction effect for period × 
gear (p=0.005) and period × speed (p<0.001) for SLST_cycle were found such that subjects 
wearing the Enhanced gear had shorter SLST_cycle, or increased stance time, after donning PPE 
(between baseline and pre-activity condition) than the Standard gear group. Subjects also had 
more reduced SLST_cycle at the fast walking condition compared to the comfortable walking 
speed trials after donning PPE. However, during obstacle crossing trials, the time while in single 
leg support during the crossing step (SLST_cross) increased after donning PPE (from baseline to 
pre-activity) but decreased post-activity (p<0.05). The horizontal clearance of the leading foot 
from the obstacle (HCL) decreased after donning PPE, but there was no difference between pre-
activity and post-activity. Increase in gait speed led to greater SLST_cycle, HCL and HCT, and 
reduced SLST_cross. No main effects for PPE type were found for single leg stance times nor 
horizontal clearances foot (Table 6.3).  
Finally, PPE type and activity level impacted the total number of movement errors 
(Figure 6.6). Participants in the Enhanced gear group had more errors after donning the PPE. 
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Errors also increased post-activity. The errors were dominated by cases where the participant 
touched the obstacle but did not make it fall. The results from the Poisson Regression, which 
assessed the predicted occurrence of any error, suggest that the all three parameters in the 
additive model significantly differed from zero (α (p=0.0002), β1 (p=0.01), β2 (p=0.03)), which 
indicates that factors of donning gear, PPE type, and firefighting activity affected the number of 
movement errors. The resulting model is given by  
21 )5.0()8.0(0.1)
ˆ(log XX                       (6.2) 
 
21 )6.1()2.2)(4.0(ˆ XX                   (6.3) 
Based on this model, the mean number of predicted errors relative to baseline ( ˆ ) ranged from 
0.4 to 1.4. The number of errors was greater when using the Enhanced gear and increased after 
firefighting activity (Table 6.4).  
These movement errors were observed in a high number of subjects (n = 37, or 84%). 
Sixteen subjects (76%) in the Standard gear group and 21 subjects (91%) in the Enhanced group 
made errors over three activity levels during trials. In the Standard gear group, 3 subjects (14%) 
made errors in the baseline condition, 8 subjects (38%) in the pre-activity and 10 subjects (48%) 
in the post-activity. In the Enhanced gear group, 6 subjects (26%) made errors in the baseline 
condition, 11 subjects (48%) in the pre-activity and 17 subjects (74%) in the post-activity. 
Overall, the number of subjects who made errors increased from the baseline to the post-activity 
(baseline: 20%, pre-activity: 43%, post-activity: 61%). Among 27 subjects (nStandard = 10, nEnhanced 
= 17) who made errors in the post-activity, 11 subjects (41%; nStandard = 3, nEnhanced = 8) had errors 
at pre-activity. Additionally, three subjects (nStandard = 1, nEnhanced = 2) had errors during all three 
activity conditions.  
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6.5 DISCUSSION 
The goal of this study was to examine how the use of two types of PPE and strenuous 
firefighting activities alter gait parameters. We hypothesized that the use of PPE and firefighting 
activity would decrease gait performance. The most important results of this study are that PPE 
use and firefighting activity had differential impact on gait behavior such that: 1) wearing any 
type of PPE resulted in significantly slower speed, shorter step lengths, wider step widths, and 
increased movement errors; and 2) after firefighting activity, subjects made additional movement 
errors however most gait parameters did not change relative to pre-activity assessment.  
The Enhanced gear did not lead to significant improvement in overall gait performance 
compared to the Standard set of PPE. We had hypothesized that gait performance would improve 
with the use of the Enhanced gear, which was intended to improve mobility and increase body 
cooling. We did not, however, detect any significant differences in gait parameters following the 
firefighting activities as a function of PPE type. One possible reason for this null result is that the 
firefighters were not familiar with some of the new features of the Enhanced PPE. While 
working their job, all of the participants wear PPE configurations that are more similar to the 
Standard PPE used in this study. Thus, relative familiarity with the Standard PPE compared to 
the Enhanced PPE may have mitigated any potential positive effects of the Enhanced gear on 
post-activity gait performance. The most common negative comments for the Enhanced PPE 
were attributed to issues with the cooling system of the Enhanced PPE. Specifically, the 
redesigned PPE involved a hose that circulated expressed air into the PPE in an attempt to 
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increase cooling. However, the hose was unfamiliar to firefighters and it appeared to be 
distracting or otherwise interfered with gait and balance. 
Donning PPE (either ensemble) had a strong negative impact on gait behavior. 
Specifically, nearly all of the gait measures showed decrements between the baseline condition, 
where the participants were wearing their station uniform, and the pre-activity condition, when 
the participants were wearing station uniform with PPE.  After donning PPE, subjects had 
significantly slower gait speeds, shorter step lengths, larger step widths, shorter average single 
leg support times during no obstacle trials, longer single leg support times when crossing the 
obstacle, shorter horizontal clearances of the lead leg after stepping over the obstacle, and greater 
occurrence of movement errors (Tables 6.2-6.4, Figures 6.5-6.6). Shorter stride lengths and 
larger step widths are typically associated with less efficient and less effective gait performance, 
as well as reduced gait confidence (Rosengren, McAuley et al. 1998; Cham and Redfern 2002; 
McFadyen and Prince 2002). During no obstacle trials, shorter average single leg support times 
(i.e., swing times) may also suggest that the participants became less confident as testing 
condition progressed, such that they might try to spend more time in double stance. During 
obstacle crossing trials, longer single leg support time while crossing obstacles has been 
associated with reduced gait stability and increased fall risk (Murray, Kory et al. 1969; 
Rosengren, McAuley et al. 1998; Chou, Kaufman et al. 2004; Ramachandran, Rosengren et al. 
2007). Decreased horizontal clearance might be associated with shorter step length when 
crossing over obstacles. Older people typically use shorter step lengths than younger people in 
order to increase their stability during walking (Marigold and Patla 2008; Menant, Steele et al. 
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2009). Thus, reduced step length near an obstacle might be a walking strategy to maintain 
stability under a challenging situation (obstacle presence). These results suggest that donning 
PPE results in gait behaviors which highlight reduced confidence and efficiency.  
Firefighters made more gait errors as the condition changed (Figure 6.6). Thirty-seven 
subjects (84%) made errors such as hitting the obstacle or walking outside of a designated area. 
The use of PPE led to more errors during gait (baseline vs. pre-activity, Table 6.4). Physical 
fatigue due to strenuous firefighting activity resulted in an increase in errors for either gear 
condition. The number of movement errors appeared to be strongly affected by PPE type, with 
the Enhanced gear resulting in nearly twice as many errors as the Standard gear. The results from 
the Poisson Regression suggest that donning the Enhanced gear caused a firefighter to make 
more errors than Standard gear from baseline to pre-activity (0.8 versus 0.4 errors, respectively) 
and from baseline to post-activity (1.4 versus 0.6 errors). As mentioned earlier, the lack of 
familiarity with the gear and cooling system hose are the most likely causes of this effect. 
While the effect of wearing PPE on gait was observed in most gait parameters, decrease 
in gait performance due to strenuous firefighting activity was only found upon examining time in 
single leg support and movement errors. These activities were strenuous enough to significantly 
raise the firefighters’ core temperature (+0.7 oC, p< 0.001) (Smith and Petruzzello 1998; Rossi 
2003; Eglin, Coles et al. 2004) and induced a high enough fatigue level in one participant so that 
he was unable to complete the post-firefighting assessment. Since movement errors are most 
likely to lead to trips and falls directly in a real fireground, they may be the most relevant to 
injury outcomes in the Fire Service. These results suggest that walking stability was affected by 
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strenuous firefighting activity and associated heat-stress induced fatigue. Firefighter training 
should continue to emphasize the need to stay alert about one’s surroundings and body 
movement, especially when becoming fatigued. 
As it is clear that wearing PPE negatively impacts gait, it is important to pursue new PPE 
designs that minimize the negative impact imposed by the gear. Further study on specific 
elements of PPE is necessary to determine which parts of the ensemble (clothing, helmet, boots, 
etc.) have the greatest impact on gait parameters. Further research is also necessary to examine 
more closely how PPE may be implicated in problems with balance and falls during firefighter 
activity. 
Our results suggest that the use of any PPE negatively affects firefighters’ gait behavior 
and that heat-stress induced fatigue from firefighting activities can further reduce gait stability. 
These changes in gait performance can lead to an increased risk for a trip and fall. Although the 
Enhanced PPE tested in this study did not change gait parameter performance and even resulted 
in greater movement errors compared to the Standard PPE, changes in PPE design should 
continue to be considered for improve firefighter mobility. Further, increased awareness of the 
negative effects of firefighter fatigue on movement performance needs to be implemented in the 
Fire Service to help reduce the risk for injuries due to slips, trips and falls 
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6.7 FIGURES AND TABLES 
 
Figure 6.1 Comparison of the PPE ensembles; (a) Enhanced Configuration: Bunker gear with an 
Indura FR cotton lining, which circulated exhaled air from the firefighter to the coat’s inner 
lining. Nomex® hood. Leather gloves. Lightweight leather boots. Lightweight, low-profile 
helmet, (b) Standard Configuration: Bunker gear with a spun Nomex® lining. Kevlar fully-
encapsulating hood. Leather gloves - Kevlar wrist gauntlet. Rubber boots. Traditional-style 
helmet 
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Figure 6.2 Participant walking on an 8 m instrumented gait mat (GAITRite Platinum, CIR 
Systems Inc) at baseline condition. 
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Figure 6.3 Definition of parameters such as step length and step width. 
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Figure 6.4 Horizontal clearances for the trailing foot and leading foot were defined as the 
horizontal distance between the obstacle and the heel location of leading foot (HCL) and the toe 
location of trailing foot (HCT). 
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Figure 6.5 Average gait parameters for three different testing conditions; (a) average gait speed 
(average GS), (b) average step length (average SL), and (c) average step width (average SW) as 
functions of test group (the Standard and the Enhanced gear) and instructed walking speed 
(normal and fast pace). Combined speed indicates the average of normal and fast speed trials.  
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Figure 6.6 The number of movement errors of the Standard (S) and the Enhanced (E) gear groups 
with three different testing conditions during obstacle trials. 
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Table 6.1 Demographics of the PPE groups (mean ± SD) 
 
 Standard PPE (n=21) Enhanced PPE (n=23) 
Age (years) 33.2 ± 5.5 32.5 ± 9.5 
Height (m) 1.77 ± 0.07 1.73 ± 0.06 
Weight (kg) 91.2 ± 12.4 87.71 ± 18.1 
BMI 29.1 ± 3.7 29.3 ± 5.2 
Firefighter experience (years) 9.4 ± 4.6 10.6 ± 8.4 
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Table 6.2 Average (± standard error) gait parameters as functions of PPE, testing condition, 
instructed speed and presence of obstacle. Average gait speed (average GS), average step length 
(average SL), and average step width (average SW) were averaged values over the entire 
recorded time for each condition. Superscripts denote significant differences from indicated 
condition (p < 0.008, but ‘ǂ’ indicates p = 0.038). 
 
  Average GS (cm/s) Average SL (cm) Average SW (cm) 
PPE 
Standard (A) 175.70±2.74 86.83±1.23 13.29±0.48
B†
 
Enhanced (B) 180.76±2.41 88.52±1.08 11.09±0.42
A†
 
Testing 
Condition 
Baseline (C) 184.40±2.10
DE
 89.62±0.89
DE
 11.14±0.35
DE
 
Pre-activity (D) 174.59±1.72
C
 86.96±0.90
C
 12.70±0.34
C
 
Post-activity(E) 175.70±2.15
C
 86.45±0.82
C
 12.73±0.35
C
 
Instructed 
Speed 
Normal (F) 154.88±1.96
G
 83.07±0.88
G
 12.03±0.34 
Fast (G) 201.58±2.69
F
 92.28±0.91
F
 12.35±0.33 
Obstacle  
No obstacle (H) 182.43±1.98
I
 87.14±0.85
I
 12.01±0.31
Iǂ
 
Obstacle (I) 174.03±1.85
H
 88.21±0.83
H
 12.37±0.35
Hǂ
 
† Univariate ANOVA found significant difference due to PPE type; however, after adjusting for 
Baseline test differences, no stance width difference was found.  
134 
 
 
Table 6.3 The Average (± standard error) normalized single leg stance time by a gait cycle 
(SLST_cycle), single leg stance time during obstacle crossing (SLST_cross), and average 
horizontal clearances (HCL and HCT) as functions of PPE, testing condition, and instructed 
speed. SLST_cycle were collected from no obstacle trials. SLST_cross and horizontal clearances 
(HCL and HCT) were obtained from obstacle trials. Superscripts denote significant differences 
from indicated condition (p < 0.007, but ‘ǂ’ indicates p = 0.041). 
 
 
 
No obstacle 
trials 
Obstacle trials 
 
SLST_cycle 
(%) 
SLST_cross 
(sec) 
HCL (cm) HCT (cm) 
PPE 
Standard (A) 38.20±0.22 0.548±0.01 31.85±1.23 26.75±1.07 
Enhanced (B) 38.72±0.19 0.530±0.01 31.52±1.17 26.82±1.02 
Testing 
Condition 
Baseline (C) 39.49±0.17DE 0.527±0.007D 35.12±1.16DE 26.71±1.12 
Pre-activity (D) 38.08±0.15CE 0.553±0.009CEǂ 29.47±0.88C 27.16±0.82 
Post-activity(E) 37.82±0.16CD 0.539±0.009Dǂ 30.46±0.86C 26.49±0.93 
Instructed 
Speed 
Normal (F) 37.56±0.15G 0.570±0.010G 30.27±0.84G 24.20±0.86G 
Fast (G) 39.36±0.19F 0.509±0.006F 33.10±0.94F 29.36±0.90F 
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Table 6.4 The predicted mean values for increase in number of errors relative to baseline ( ˆ ) for 
each gear and testing condition using Poisson Regression  
 
 Pre-activity  (X2=0) Post-activity  (X2=1) 
Standard Gear (X1=0) 0.4 0.6 
Enhanced Gear  (X1=1) 0.8 1.4 
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CHAPTER 7 CONCLUSIONS, RATIONALE AND FUTURE DIRECTIONS 
 
This dissertation explored new methods for quantifying gait patterns and to characterize possible 
fall-prone gait behaviors in population groups with high fall risk. This chapter was written to 
discuss final conclusions and provide added insights on the connection between the underlying 
system mechanics and the experimental or gait analysis methods presented in this dissertation.  
 
7.1 On the topic of examining the complexity and variability of phase portraits  
Complexity and variability metrics used for my dissertation rely on the examination of phase 
portraits of lower limb joint motion during gait (DiBerardino, Polk et al. 2010). Phase portraits 
are geometric representations of the trajectories of a dynamical system in the phase plane (i.e. 
(angular) position against its (angular) velocity). The main advantage of using phase portraits in 
gait analysis is the direct correlation of the joint rotations with respective joint velocities 
(Hurmuzlu, Basdogan et al. 1994; Stergiou, Jensen et al. 2001). Although one can achieve the 
same information from both velocity-time and position-time plots, eliminating time axis from the 
geometric representation of the state variables of periodic systems provides a better 
understanding (or insight) of the steady-state gait dynamics. In particular, the range of variations 
in velocities and positions during a gait cycle cannot be quantified from only angle-time plots. 
Thus, phase portraits can be used as an effective and efficient tool to characterize cyclic and 
dynamic patterns during multiple continuous gait cycles (Clark and Phillips 1993; Hurmuzlu, 
Basdogan et al. 1994; Stergiou, Jensen et al. 2001; Polk, Spencer-Smith et al. 2008; DiBerardino, 
Polk et al. 2010). 
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Gait disturbances due to aging and neurological disease can be associated with a loss of 
consistency in the ability to produce a steady gait rhythm, which can result in greater variability 
during gait (Blin, Ferrandez et al. 1990; Hausdorff, Cudkowicz et al. 1998; Baltadjieva, Giladi et 
al. 2006). Variability provides a measure of overall fluctuation in motion patterns during gait 
with respect to the mean (Hausdorff, Cudkowicz et al. 1998). Gait variability, which can be 
considered as unsteadiness or inconsistency and arrhythmicity of gait behavior, has also been 
known to be associated with increased fall risk in the elderly (Hausdorff, Edelberg et al. 1997; 
Maki 1997; Hausdorff, Rios et al. 2001). Increased stride-to-stride variability of gait is generally 
used as a marker of declined control and poor locomotor health (Hausdorff 2009). For example, 
if one has impairment in the central nervous system such that limb movements may not be 
properly controlled during gait cycles, then joint angle trajectories may not be similar to 
subsequent gait cycles, which results in greater variability. Therefore, increased gait variability 
might be a useful measure of the motor capability to control body segments properly. In addition, 
decreased muscle strength and flexibility due to aging or musculoskeletal disease may result in 
increased gait variability. For example, it has been reported that reduced knee extension strength 
was associated with greater stride time variability (Hausdorff, Rios et al. 2001). The authors 
suggested that improper muscle activation timing in one joint can result in greater variability in 
other joint movements as well as that joint itself.    
Complexity can be used to quantify rhythmical dynamics of joint movements during gait. 
Increased complexity which indicates complex fluctuation in gait patterns can convey important 
information about the dynamics of physiological systems (Lipsitz and Goldberger 1992; Lipsitz 
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2002; Hausdorff 2007). For example, physiological aging or disease lead to a progressive 
impairment in the complex interaction of multiple control mechanisms, which result in a loss of 
complexity in the dynamics of healthy organ system function. This suggests that measures of 
complexity may be a useful tool to characterize physiological system dynamics (Kaplan, Furman 
et al. 1991; Lipsitz and Goldberger 1992; Lipsitz 2002). 
 
7.2 On the topic of the effect of joint coupling due to changes in joint mechanics and mechanics 
insight provided by the condition signature diagram  
Altered joint coupling patterns due to changes in joint mechanics might result in differences in 
the condition signature diagram. That is, mechanical changes in one joint (e.g., joint strength, 
range of motion, or length) could impact the behavior of both the corresponding joint and other 
body joints. These changes such as reduced muscle forces and range of motion occur due to 
musculoskeletal injuries or neurological disease (Berger, Quintern et al. 1985; Winter 1990; 
Perry 1992; Stebbins, Harrington et al. 2010). Limb length discrepancy also induces mechanical 
and functional alterations in gait, such as supination deformity of the foot of the short leg, 
changes in joint moments and powers as well as pelvic obliquity (Halliday, Song et al. 1996; 
Sadeghi, Allard et al. 2000; Wünnemann, Klein et al. 2011). Changes in other joint mechanics 
due to abnormality of one joint happen in the process of compensating for changes in that joint’s 
function. In coordinated walking, abnormality of one joint can be considered as a perturbation to 
the body, and the central nervous system controls other joint movements properly to compensate 
for perturbed (or asymmetrical) gait behavior due to one abnormal joint (Berger, Quintern et al. 
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1985; Liu and Maitland 2000; Stebbins, Harrington et al. 2010). In asymmetrical gait, the high 
interaction between the central nervous system and various muscles enable the individual to 
maintain the smooth rhythmical motion by coordinating other limb movements (Sadeghi, Allard 
et al. 2000). 
 To assess the contributions of one abnormal joint on the entire gait apparatus, the 
Condition Signature Analysis (CSA), which is presented in Chapter 2, can be used. For example, 
abnormal foot function may influence the joint coupling throughout the lower extremity as well 
as foot motion itself, and factors influencing foot mechanics may result in changes in joint 
coupling patterns (Bates, Osternig et al. 1979; DeLeo, Dierks et al. 2004). In addition, any 
restriction of the motion at the knee or the ankle can affect the motion of other segments on the 
ipsilateral or contralateral limbs, which result in altered joint coupling patterns (Shorter, Polk et 
al. 2008; DiBerardino, Polk et al. 2010). For example, during a gait cycle, right knee bracing 
does not significantly affect the right knee joint angle before ipsilateral toe-off since the knee 
joint is almost straight from ipsilateral heel-strike to ipsilateral toe-off. However, as soon as the 
counterlateral (unbraced) foot strikes the ground, the ipsilateral knee joint should start flexing to 
prevent excessive extension of either ipsilateral gastrocnemius or hamstring muscles. However, 
knee bracing restricts knee flexion. In order to compensate for this restriction, the ipsilateral 
ankle joint must take toe-off earlier than normal, and the peak plantar flexion angle and ankle 
range of motion are reduced. Therefore, knee bracing alters not only ipsilateral knee joint motion, 
but also ipsilateral ankle joint motion and toe-off timing. As this toe-off timing becomes quicker, 
the timing difference of the ankle joint between unbraced and braced conditions would become 
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greater, which in turn would likely increase the probability that the cell for the coupling between 
left and right ankle is colored black in the condition signature diagram. 
 Altered timing in joint movement patterns can be detected using CSA. As mentioned in 
the previous paragraphs, musculoskeletal injuries or neurological disease can cause mechanical 
changes in joint motions during gait. Those changes could be observed in joint angular 
displacements or velocities. The movement pattern of each joint may have similar shape to its 
normal behavior even if the joint is disturbed due to musculoskeletal or neurological injuries. It 
means that an impaired movement pattern should have the same significant phases of the gait 
cycle such as heel strike, toe-off, etc. although the peak values or the timings are different from 
the normal. Thus, during gait, once one of these timings is delayed, the next gait events should 
be delayed, and the previous gait events could be delayed too. By examining a critical phase shift 
value, we can determine how much an overall pattern including a certain toe-off timing or heel 
strike timing for each joint is shifted. For example, the restriction of the right knee joint due to 
bracing or musculoskeletal injury hinders knee flexion or extension, which obviously changes 
the timing and shape of the knee joint movement pattern during a gait cycle. In this situation, 
since change in right knee joint angle is the most, the cross-correlations associated with right 
knee joint angle would be influenced the most. This effect is noted by the multiple black cells for 
most correlations with knee angular position or velocity in Figure 2.3b. As mentioned above, this 
restriction of knee motion also causes earlier toe-off timing, and reduced range of motion for the 
ipsilateral ankle angle. This earlier toe-off timing of the ipsilateral ankle joint also leads to earlier 
timing of contralateral toe-off and heel strike. As a result, the averaged critical phase shift value 
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between the right and left ankle angle for the unbraced condition was 48.7 while that for the 
braced condition was 40.7 (Figure 2.2b).This difference resulted in the black colored cell in the 
condition signature (Figure 2.3b).  
In addition, CSA was able to capture minimal coupling changes between the two gait 
conditions. By visual examination of hip joint angle plots, it is hard to detect differences between 
knee-braced and unbraced conditions. Note that the maximal cross-correlation values between 
the left and right hip angles were similar between the two conditions (unbraced and knee-braced 
walking) (Figure 2.2b). In spite of these small changes in bilateral joint coupling patterns at the 
hip joint, the condition signature captured differences between the two different conditions 
(unbraced and braced conditions) for both maximal cross-correlation value and associated phase 
shift for bilateral hip coupling (Figure 2.3b).      
Most previous studies focused on the single coupling between two body segments or 
joints (Clark and Phillips 1993; Nigg, Cole et al. 1993; McClay and Manal 1997; Stergiou, 
Jensen et al. 2001; Heiderscheit 2002). All of these techniques can only provide insight into 
single joint coupling characteristics. In contrast to these methods, the CSA using multiple cross-
correlations provides integrated joint coupling characteristics in the lower extremities at a glance. 
The CSA seeks to characterize joint couplings throughout the entire locomotive apparatus using 
a single representative diagram. 
 
7.3 On the topic of the effect of ankle bracing on joint coupling patterns and mechanics insight 
provided by the condition signature diagram  
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To explore how a simulated ankle injury would impact gait and the condition signature, we used 
gait data when healthy subjects wore a restrictive brace on the right ankle. Gait data from a 
previous study were used (Shorter, Polk et al. 2008). Ten healthy male subjects (21 ± 2 years) 
walked for three minutes on a treadmill at a self-selected comfortable speed determined while 
wearing an ankle brace on the right leg (DonJoy, Vista, CA; model 82399, resp.). Each subject 
walked under two conditions: (1) normal (non-braced), and (2) ankle-braced. Kinematic data 
were collected from a six-camera motion capture system (Vicon, Oxford, UK; 460 Datastation), 
and twelve lower extremity joint variables, viz., the bilateral hip, knee, and ankle angular 
displacements and velocities, were obtained. A custom-written MATLAB program was used to 
perform all calculations (R2008a, The MathWorks, Natick, MA). 
Ankle bracing (Figure 7.1) did not influence the joint couplings as much as the knee bracing 
presented in Chapter 2 (Figure 2.3b). The reduced number of affected variable pairing (black 
cells) could be due to the design of the ankle brace. The ankle brace in this study was a walking 
cast that had a convex rocker built into the sole. During swing, restricting ankle range of motion 
to the neutral position, as expected, had little effect on ipsilateral and contralateral knee or hip 
joint movement. During stance, when restricting ankle motion should create the greatest 
perturbation, the rocker allowed the shank to smoothly roll over the ankle despite being locked at 
neutral, thus resulting in minimized impact to knee and hip motions with and without the brace. 
However, ankle angle on the braced side had reduced range of motion. Immediately after 
ipsilateral heel strike, plantar flexion in the ipsilateral limb should begin, but due to ankle 
bracing this plantar flexion was restricted. Due to this restriction, knee flexion began earlier and 
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knee range of motion was slightly greater than the unbraced condition in order to drive the toe 
downward as would normally occur during plantar flexion. This change in right knee joint 
movement resulted in a number of significant (black) cells associated with the right knee angular 
position and velocity in the condition signature (Figure 7.1). Looking at joint angle plots, hip and 
knee joint angles on the braced side appeared to be similar to the unbraced side joints. Despite of 
these minimal changes, CSA captured bilateral asymmetry in shape (via significant differences in 
maximum cross-correlation values between bilateral hips, knees, and ankles between the two 
conditions), while the corresponding critical phase shift values had no significant differences 
(Figure 7.1). These results suggest that ankle bracing caused bilateral asymmetry in the overall 
pattern of joint movements, but changes in the relative timing were not significantly different.  
 
7.4 On the topic of interpreting the visual meaning of the condition signature diagram  
Condition Signature Analysis (CSA) identifies changes in joint coupling patterns between two 
gait conditions. To generate the condition signature, the characteristic diagrams for the 
corresponding subject and the particular gait condition are first created. A characteristic diagram 
array is obtained whose entries include the maximum values of the cross-correlation between all 
pairs of joint variables as well as the associated phase shifts at which these maxima are recorded. 
Paired t-tests are then used to highlight significant differences in the corresponding entries 
between two gait conditions. Cells in the condition signature are colored black if a significant 
difference (p < 0.05) was found between two gait conditions in the corresponding cell in the 
characteristic diagrams, and were colored white otherwise. Thus, black colored cells in the 
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condition signature indicate significantly different joint coupling patterns in the corresponding 
cell quantified by either maximal cross-correlation values or critical phase shifts. 
 The temporal cross-correlation function between two bilateral joint variables (i.e. left vs. 
right knee angular displacements/velocities, left vs. right ankle angular displacements/velocities) 
quantifies bilateral symmetry of timing and shape of two joint motions. In the condition 
signature diagram, black colored cells of bilateral joint variable pairs suggest that there were 
significant differences in shape (maximal cross-correlation) or timing (critical phase shift) of 
corresponding bilateral joint couplings between two conditions indicating asymmetrical gait 
behavior. For example, in the condition signature for the right knee-braced condition (i.e. right 
knee-braced vs. unbraced condition), the bilateral joint coupling cells (i.e. left hip vs. right hip, 
left knee vs. right knee, left ankle vs. right ankle) associated with maximal cross-correlation 
values were colored black. These indicate that shapes in two bilateral joint pairs have 
significantly changed, which suggests gait asymmetry due to right knee bracing.  
 Asynchrony of coupling patterns between adjacent body segments or joints during gait 
can be associated with musculoskeletal injuries (Tiberio 1987; Hamill, van Emmerik et al. 1999; 
DeLeo, Dierks et al. 2004). Timing and magnitude discrepancies among lower limb joint motions 
may lead to excessive stress at the knee joint (Hamill, van Emmerik et al. 1999). In the condition 
signature, the temporal cross-correlation function between two adjacent joint variables (i.e. left 
knee vs. left ankle angular displacements, right hip vs. right knee angular displacements) provide 
information regarding risk of musculoskeletal injuries. 
 The other joint variable pairings in the condition signature are associated with the rate of 
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perturbed gait behavior. During continuous walking, each body segment and joint move 
simultaneously and coordinated properly by the central nervous system to maintain sustained gait 
(Duysens and Van de Crommert 1998). Assuming that normative gait has minimal disturbance 
throughout multiple lower limb motions, abnormal joint coupling patterns (deviations in joint 
coupling patterns from the normative data) can be considered as a perturbation. Although a small 
amount of perturbation is applied to human gait, it can result in falls unless humans are able to 
control their gait toward a steady state trajectory. In the condition signature, black colored cells, 
not associated with bilateral or neighboring joint couplings, can be used to gain insight into the 
rate of perturbation during gait, which may be associated with increased fall risk. Finally, these 
detailed joint coupling patterns characterize a specific gait behavior, and can be used to examine 
a variety of gait conditions for the elderly and people with PD. 
 
7.5 On the topic of highlighting the meaning of the condition signature by relating it to properties 
such as path of center of pressure, center of mass, asynchrony between joint segments   
The condition signature could be related with properties of gait, such as path of center of mass, 
center of pressure, and asynchrony between joint segments. The total body’s center of mass 
(COM) is a point derived from the weighted average of each body segment, and moves when 
body segments change their position. The center of pressure (COP) is computed the ground 
reaction forces obtained from force plates. In this body of work, the condition signature was 
generated using joint angle trajectories in the lower extremities during gait. Total COM and COP 
values are dependent on the behavior and movement of each body segment and ground reaction 
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forces. Recognizing that abnormal movement of one body segment might result in an abnormal 
COM trajectory, we could therefore relate joint coupling behavior with changes in COM 
trajectory movement. While the COM trajectory itself does not provide information about which 
body segment significantly affects the location of COM, the condition signature is able to 
indicate which joint coupling pattern is different from the norm. Since COP is computed from 
ground reaction forces under an individual or both feet during stance phase, changes in lower 
limb joint movement may also affect COP trajectories. In addition, since changes in the whole 
body COM during stance phase also affects the location of COP, proper joint coupling patterns 
throughout the entire body segment are essential to generate normal COP trajectory.  
 As explained in the previous paragraph, the joint angular displacements and velocities in 
the lower extremities were used to generate a condition signature. However, this methodology is 
not limited to joint angular displacements and velocities. Any types of time-series data can be 
used to generate a condition signature. Therefore, if the location of the center of each body 
segment or three dimensional ground reaction forces are used to generate a condition signature, 
that condition signature could have a direct relationship with COM or COP trajectories. 
Furthermore, the condition signature could indicate which body segment or directional ground 
reaction force is significantly different from the normal.  
 Asynchrony between joint segments is known as one indicator of musculoskeletal injury 
during gait. In particular, at heel strike excessive dorsiflexion or plantar flexion angle could 
cause result in slip, trip, and falls causing serious musculoskeletal injuries. This asynchrony 
between shank and foot joints can be detected in a condition signature. In addition, human gait 
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requires synchronous interaction between the joints of the lower extremity. Therefore, 
asynchrony between non-adjacent joint segment motions could disturb steady state gait, and a 
condition signature is able to capture those coupling characteristics between non-adjacent joint 
segments. 
 
7.6 On the topic of examining the effect of added load on the mechanics of gait  
Human gait dynamics can be influenced by adding external load to the human body (Lloyd and 
Cooke 2000; Ren, Jones et al. 2005; Attwells, Birrell et al. 2006; Birrell, Hooper et al. 2007). For 
example, carrying load on the back, due to wearing a backpack or firefighter SCBA pack, would 
relocate the whole body COM higher and more posterior. While walking with load carriage, 
carrying an external load on the back would increase the moment arm from the torso COM to the 
hip joint, which in turn may increase hip joint resistive moment. Inverse dynamic analysis has 
shown that greater hip joint moments result in higher ground reaction forces (Winter 2005).  
Increased load on the back can also affect the potential and kinetic energy of the body 
during the swing phase of gait. In walking, the human body vaults over the leg on the ground, 
raising the center of mass to its highest point as the leg passes vertical, and then dropping it to 
the lowest point as the legs are spread apart (Vereecke, D'Août et al. 2006). The magnitude of 
potential energy at its highest point essentially is converted to kinetic energy at heel-strike 
(Alexander 1991; Vereecke, D'Août et al. 2006). As seen in the inverted pendulum model of 
simplified gait that often is used to describe human body standing or swing phase (Cavagna, 
Saibene et al. 1963; Cavagna and Margaria 1966; Kuo 2007), higher and more posterior COM 
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would result in a longer moment arm from the heel to the relocated COM. Thus, the greater 
potential energy caused by an increased moment arm could lead to greater kinetic energy at heel 
contact. This increased kinetic energy would result in larger ground reaction forces at the heel 
contact. Thus, we hypothesized that increased load on the back would result in greater ground 
reaction forces during walking. 
 The effects of load carriage on gait behavior were investigated during level walking and 
obstacle crossing in this dissertation. In chapters 5 and 6, we conducted experiments with 
firefighters. Although they are all young adults, their gait behaviors were disturbed due to 
wearing heavy PPE and SCBA. Thus, we expected that the level ground walking trials would 
reveal the independent nature of gait behaviors such as gait speed, step length, and step width 
(Hausdorff 2009). Obstacle crossing behavior is a functional movement that requires the control 
of the central nervous system (Chou, Kaufman et al. 2004; van Hedel and Dietz 2004; 
Weerdesteyn, Nienhuis et al. 2005). In particular, crossing or moving over objects is one of the 
most common origins of slip, trip, and fall injury on the fireground (Karter 2003). A decline in 
the ability to avoid obstacles may result in increased fall risk (Chou, Kaufman et al. 2004; 
Weerdesteyn, Nienhuis et al. 2005). Carrying load on the back could lead to increased forward 
lean, which results in greater hip resistive moment (Attwells, Birrell et al. 2006). We expected 
that this challenging situation would deteriorate firefighters’ balance control during obstacle 
crossing, and these altered gait behaviors could be quantified by kinetic and kinematic gait 
metrics. Therefore, obstacle crossing trials were included in the firefighter studies to examine an 
adaptation of locomotor movements of firefighters. 
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7.7 On the topic of examining the effects of aging and PD on the gait mechanics related to fall 
risk  
The ability to maintain dynamic balance in the event of a slip and fall depends on intact visual, 
vestibular, proprioceptive, and musculoskeletal systems (Nashner 1982; Woollacott 1986). 
However, aging deteriorates these systems, which may interfere with gait and dynamic balance. 
For example, diminished strength of the quadriceps muscle in the elderly may decrease the 
ability to decelerate the downward movement safely at the time of the heel contact phase of the 
gait cycle (Larsson 1979). This declined muscle activity may change the vertical displacement of 
the whole body COM suddenly, resulting in a jarring effect which may increase the likelihood of 
slipping. Others observed reduced ankle muscle strength in fallers compared to non-fallers 
(Wolfson, Whipple et al. 1985). That study suggested that diminished strength of the ankle 
muscles may make it difficult to rapidly adjust the whole body COM to prevent falls. Thus, a 
general decrease in lower limb muscle strength may impair an older adult’s ability to recover 
balance and increase fall risk. 
 Although Parkinson’s disease does not directly impact the mechanical properties of the 
extremities (e.g., stiffness, length, mass), changes in the brain and neuro-mechanisms result in 
physical alterations to gait behavior. Due to dopamine depletion, the output centers of the basal 
ganglia send more inhibition signals to the thalamus. Due to more inhibition, the thalamus sends 
less excitatory signals to the motor cortex. With less excitatory signals, the motor cortex sends 
out less excitatory firing signals to the muscles and hence there is a generic slowing of 
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movement (Wichmann and DeLong 2007). Therefore, irregular output from the basal ganglia can 
lead to varied force generation among people with Parkinson's disease, which often results in gait 
abnormality (Blin, Ferrandez et al. 1990; Giladi, McMahon et al. 1992; Hausdorff, Cudkowicz et 
al. 1998; Delval, Salleron et al. 2008). 
 
7.8 On the topic of possible relationships between condition signature analysis and measures of 
variability, complexity, and symmetry   
There may be no direct relation between these variability and complexity measures and a 
condition signature. Cross-correlation analysis, used to create the condition signature, detects 
temporal similarities between two sets of time-series data. Since Condition Signature Analysis 
(CSA) in the dissertation studies used averaged gait data from 20 gait cycles, this process might 
remove inter-cycle variation and modify the overall complex structure of gait patterns. On the 
other hand, measures of variability quantify the inter-cycle variability throughout the trial, and 
the measure of complexity quantifies overall complex structure of gait behavior. The other main 
difference between CSA and measures of variability and complexity is the interest of variable for 
the analysis. CSA uses two variables to analyze the coupling characteristics between two joints 
while measures of variability and complexity focus on one joint variable. Therefore, although 
each of two time-series data may be variable or complex (in the sense of variability and 
complexity measures defined in this study), if their patterns are similar, the maximal cross-
correlation and the critical phase shift values would be close to 1 and 50, respectively. The 
results from the complexity measure in Chapter 3 suggest that aging did not significantly alter 
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complexity of left and right ankle joint motions, while PD significantly decreased ankle joint 
complexity (Table 3.3). However, the condition signature (Figure 3.1a) suggests that there are 
significant differences of ankle joint coupling patterns between young and old adults. These 
results imply that there were changes in ankle joint coupling patterns due to aging while their 
complexity remained similar. 
 In the condition signature, the temporal cross-correlation function between two bilateral 
joint variables (i.e. left vs. right knee joint displacement, left vs. right ankle joint displacement) 
quantifies bilateral symmetry of timing and shape of two joint motions. In the condition 
signature diagram, black colored cells of bilateral joint variable pairs suggest that there were 
significant differences in shape (maximal cross-correlation) or timing (critical phase shift) of 
corresponding joint variables between two conditions. SROD analysis also capture a bilateral 
symmetry of joint angles, but the results from SROD analysis could be different from CSA. 
Temporal cross-correlation is a measure of the similarity in shape between two time-series while 
SROD computes angular difference between left and right side joint variables. For example, if 
shapes of bilateral joint variables were significantly different, but changes in the magnitude of 
bilateral joint angle pairs were not significantly different, SROD could fail to capture bilateral 
joint asymmetry. The different aspect between SROD analysis and CSA was discussed in the 
Chapter 3. 
 
7.9 Final Conclusions and Future Directions 
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The goals of this dissertation were to explore new gait assessment tools to quantify gait 
movement patterns and to characterize possible fall-prone gait behaviors in population groups 
with high fall risk. We developed Condition Signature Analysis (CSA) to better examine 
spatiotemporal coupling characteristics of the lower extremity joints. This analysis technique 
based on a temporal cross-correlation method has the added feature of being able to assess 
multiple parameter pairings. This benefit leads to improvement of better understanding of 
bilateral compensation strategies; this is in the contrast to previous techniques that have only 
studied one or two pairings.  
The final goal of CSA is to generate a set of the condition signatures for various gait 
behaviors such as a gene map describes the structure of a single gene. Once the condition 
signature for a certain gait behavior is generalized from sufficient experimental data, it can be 
used to diagnose the type of gait patterns, to help people rehabilitate from gait related-injuries. In 
order to determine the appropriate parameters for CSA, further studies are necessary to create the 
condition signature using other biomechanical variables such as kinetic parameters, upper 
extremity joint variables, etc. In addition, CSA should be applied to gait data from other types of 
subject populations such as people with stroke or multiple sclerosis, and other types of gait 
conditions such as walking under unexpected perturbations, or deficiency of sensory organs.   
The CSA along with other developed quantitative analysis techniques were applied to 
examine gait behavior in three population groups with higher fall risk (the elderly, people with 
PD, and firefighters). Specifically, these methods characterize regions or periods of deviation in 
joint movement and symmetry (Shorter, Polk et al. 2008), quantify the complexity & variability 
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of cyclic shapes (i.e., phase space portraits) (DiBerardino, Polk et al. 2010), and identify 
coupling of multiple joint movements (Chapter 2). In this dissertation, these techniques 
successfully characterized altered gait behaviors due to aging and neurological disorder such as 
PD. 
 In summary, the results of this research suggest that the CSA and newly developed 
quantitative tools can be used to capture altered gait abnormality from the normative, and to 
characterize a variety of gait behaviors (conditions). The main purpose of a number of gait 
biomechanics studies has been to offer reasonable tools for accurately detecting gait behaviors 
prone to falling. To date, a number of gait assessment tools were proposed to characterize gait 
behaviors with various perspectives. However, no studies unveiled which factor directly causes 
gait instability as of yet. It was the hope that these new gait assessment tools for examining joint 
variability, symmetry, and coupling in gait motion patterns may provide added insight to this 
association, and finally help to better identify the factors associated with gait instability.  
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7.10 FIGURES AND TABLES 
        
Figure 7.1 Resultant condition signature showing significant differences between two gait 
conditions (no brace and right ankle brace).  
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